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ABSTRACT 
The ability to utilize lignocellulosic biomass, an abundantly available renewable 
material, provides an immense opportunity to produce significant quantities of renewable 
bio-based fuels and chemicals. However, challenges in processing this material have limited 
the scale and commercial feasibility of this production pathway.  
Syngas fermentation provides an avenue that combines thermochemical processing 
(gasification) of lignocellulosic biomass with the biological process of fermentation to 
potentially utilize all the carbon contained in lignocellulosic biomass to generate liquid fuels. 
The biological conversion of syngas generated from the gasification of lignocellulosic 
biomass has several advantages including the relatively mild conditions required by 
biological catalysts, specificity of product compounds, and the inherent robustness of 
biological systems with contaminating compounds in syngas.  
A limiting factor in this technology is the low gas to liquid mass transfer rates of 
syngas components, specifically CO and H2, which leads to low microbial productivity and 
product yields. Research present in this study explored the impacts of gas to liquid mass 
transfer on syngas fermentation at a fundamental metabolic level within the cell as well as its 
impact on the distribution of products generated. Additionally, this research was extended at 
an engineering level to develop a novel syngas fermentation bioreactor to achieve 
significantly higher gas to liquid mass transfer rates and production rates over traditional 
fermentation systems.  
Fundamental studies on the impact of mass transfer resulted in a deeper 
understanding of how syngas is assimilated in the cell’s metabolism and mass transfer 
impacts on different stages of the culture’s metabolism, specifically the critical step of 
xii 
 
alcohol production. At the engineering scale, a bioreactor capable of reaching mass transfer 
rates (KLa) of 2.28 sec
-1 using oxygen as a model gas and up to 0.5 – 0.8 sec-1 with an 
integrated packed bed region was developed. Production rates of ethanol achieved were 
measured at 746 mg/L/hr within the immobilized biofilm region of the reactor.  
These results provide a deeper understanding of the syngas fermentation process and 
provide an opportunity to further develop the unique bioreactor developed in this study to 
create a more effective and efficient process to produce biofuels via syngas fermentation.  
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CHAPTER 1. GENERAL INTRODUCTION 
 
 The purpose of this general introduction and literature review is to provide 
background information and summarize relevant literature in the area of syngas fermentation. 
Topics discussed and covered include the microbiological and biochemical background of 
syngas fermentation, physical aspects of gas to liquid mass transfer, and types of bioreactors 
used to conduct syngas fermentation. Studies that pertain to these concepts are summarized 
and major findings and results are discussed. A final section within the chapter provides the 
research objectives for this dissertation as well as its organization.  
Literature Review 
1.1. Introduction 
 As global concerns increase over the impact of fossil fuel use on the environment and 
climate change, efforts are being made to reduce dependence on fossil fuel derived energy. 
These efforts have focused on the production of energy from renewable resources, such as 
wind, solar, geothermal, biofuels, and others. While many renewable energy platforms 
produce electrical power (wind, solar, and others) (EIA, 2018), the production of liquid 
transportation fuels to replace petroleum-based hydrocarbon fuels, such as gasoline and 
diesel has also been a major focus (Kennes et al., 2016; Min et al., 2013).  
 Feedstock material to produce liquid biofuels is derived from organic material, the 
most attractive of which is plant-based biomass or products due to its potential to be a carbon 
neutral fuel and its abundance (Brown and Brown, 2013; Kennes et al., 2016). Plant materials 
such as lipids or oils are utilized to produce biodiesel (fatty acid alkyl esters) while the 
starches and sugars can be converted to fuel alcohols via a combination of biochemical and 
2 
 
biocatalytic processes (Ma and Hanna, 1999; Verma et al., 2016). These production pathways 
have been established and commercialized in the form of biodiesel and corn-based ethanol. 
However, the inedible portion of plant matter, known as lignocellulosic biomass, has been 
highly researched for biofuel applications for several reasons including: (1) avoidance of the 
food vs. fuel debate, (2) potential for the use of agricultural “waste” material, and (3) 
abundance of lignocellulosic biomass (Cho et al., 2015; Kennes et al., 2016; Piccolo and 
Bezzo, 2009).  
 Lignocellulosic material, or biomass, is composed of (1) lignin, (2) hemicellulose, 
and (3) cellulose. Lignin is a phenolic polymer, which creates a protective layer around the 
hemicellulose and cellulose material within the composite like structure. Hemicellulose is a 
mixture of various sugar monomers and functions to bind the fibers of cellulose together as 
shown in Figure 1.1. Cellulose is a homopolymer of glucose, which is a highly desired sugar 
in the production of biofuels (Brown and Brown, 2013).  
 
 
Figure 1.1. Structure of lignocellulosic biomass with all major components. Source: 
(S.Wang et al., 2017) 
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 Production of biofuels from lignocellulosic biomass rests on the ability to degrade 
and expose the hemicellulose and cellulose components of the biomass for depolymerization. 
This leads to the release of fermentable sugars, such as glucose and xylose, which can be 
subsequently fermented or metabolized by microbes into various biochemicals including 
fuels. The carbon contained in the lignin portion of biomass, however, cannot be metabolized 
to biochemicals using traditional methods. However, some processes use the lignin portion of 
the biomass as a source of heat via combustion (Zheng et al., 2017). Several processes exist 
to break down biomass and depolymerize the hemicellulose and cellulose to fermentable 
sugars. Some of these processes can separate the lignin fractions (Zhang et al., 2016). 
Although several biomass processing options are available they require significant input of 
materials and energy, leading to high processing costs. Achieving a commercially viable 
process to produce lignocellulosic based biofuels, a low value commodity product, has been 
difficult (Hassan et al., 2018).  
 Thermo-chemical processing is an alternative approach to processing lignocellulosic 
biomass to produce fuels. This approach utilizes the physical parameters of heat and pressure 
in limited oxygen environments to decompose the lignocellulosic biomass. This includes all 
three components of the biomass, including lignin, which can be utilized. The two most 
common are pyrolysis and gasification (Latif et al., 2014; S. Wang et al., 2017). Pyrolysis 
primarily produces a liquid material as a result of the thermal decomposition of the organic 
material. This liquid material, or bio-crude oil, is chemically similar to petroleum crude oil 
and can be processed as such (S. Wang et al., 2017). Alternatively, gasification utilizes 
higher temperatures and results in the decomposition of organic material into gaseous 
components, primarily CO2, CO, and H2. This gaseous mixture is known as synthesis gas or 
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syngas or producer gas (Latif et al., 2014). Syngas can be utilized in three ways: (1) direct 
combustion, (2) catalytic upgrading to liquid hydrocarbon fuel (Fisher Tropsch processes), or 
(3) biological catalysis to liquid fuels (alcohols via syngas fermentation) (Wang et al., 2008).  
 Conversion of syngas to products via a biological pathway offers several advantages: 
(1) biocatalysts (microbes) are much more resilient in the presence of contaminant gases, (2) 
reaction conditions do not require elevated temperatures and pressures, (3) biocatalysts are 
inexpensive and self-replicate, (4) provide irreversible conversion of syngas components into 
products with a high degree of specificity, and (5) biocatalysts can metabolize a wide range 
of syngas compositions, unlike inorganic catalysts that require specific feed gas compositions 
to achieve acceptable conversions (Verma et al., 2016). These advantages provide a 
significant opportunity to develop a pathway combining thermochemical processing of 
lignocellulosic biomass with biological catalysis of the syngas into products. 
1.2. Syngas Fermentation Microbiology and Biochemistry 
1.2.1. Syngas Fermenting Organisms 
 Biological utilization of syngas is possible using a variety of organisms capable of 
fixing gaseous carbon into organic compounds (Liew et al., 2016). This includes both 
anaerobic and aerobic organisms and Table 1.1 presents a list of a few studied organisms 
capable of fermenting syngas. Many aerobic syngas fermenting organisms are used to fix 
carbon into biopolymers such as polyhydroxyalkanoates (PHA) or bioplastics or long chain 
fatty acids, which is applicable in the biodiesel industry (Drzyzga et al., 2015). The 
production of fuel alcohols, such as ethanol and butanol, however, is mainly produced via 
syngas fermentation using obligate anaerobes known as acetogens (Henstra et al., 2007).  
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 Acetogens are characterized by their ability to produce Acetyl-CoA through the 
Wood-Ljungdahl pathway (also known as the reductive Acetyl-CoA pathway), which is 
considered to be one of the oldest metabolic pathways (Ragsdale and Pierce, 2008). This 
pathway provides acetogens the ability to utilize CO2/H2 and/or CO as their source of carbon 
and energy to produce acetyl-CoA, which can subsequently be metabolized to various 
compounds and components within the cell as needed including organic acids and alcohols 
(Dürre and Eikmanns, 2015).  
 Reducing equivalents to help drive reactions within the cell can be derived from 
hydrogen gas directly, if present, or from the oxidation of CO to CO2 and H2O, known as the 
biological water gas shift reaction (WGS). The WGS reaction can also be reversed to 
produce H2 and CO2 depending on physiological conditions (John Phillips et al., 2017).  
1.2.2. Wood-Ljungdahl Pathway and Energy Production 
 The Wood-Ljungdahl (WL) pathway consists of two branches: (1) the Eastern 
(Methyl) and (2) the Western branch. The function of the Eastern branch is to reduce CO2 to 
formate, which is condensed with tetrahydrofolate (THF) and successively reduced to 
methyl-tetrahydrofolate (CH3-THF). The total reduction of CO2 to CH3-THF requires six 
reducing equivalents. The next step in the process is the transfer of the methyl group from the 
CH3-THF to a cobalt containing corrinoid iron sulfur protein (CFeSP) via a 
methyltransferase. The Western branch of the pathway uses a CO, which is the carbonyl 
group of acetyl-CoA, and the methyl group transferred to CFeSP, with the action of acetyl-
CoA synthase (ACS) to produce acetyl-CoA. The produced acetyl-CoA can then be utilized 
by the cell for the production of both cellular components and other metabolites necessary for 
cell growth (Abubackar et al., 2011; Ragsdale and Pierce, 2008).  
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Table 1.1. Bacterial species capable of metabolizing gaseous substrates, including syngas components, to produce natural and 
recombinant products. Adapted and modified from (Dürre and Eikmanns, 2015). 
 
 
 
 
Condition Substrate Natural [and Recombinant Products] Organism (example) Reference/Company 
Anaerobic 
CO2+H2 Acetate Acetobacterium woodii (Straub et al., 2014) 
 
CO, Syngas Acetate Clostridium aceticum (Schiel-Bengelsdorf and 
Dürre, 2012) 
 
CO2+H2 [3-hydroxypropionate] Pyrococcus furiosus (Keller et al., 2013) 
 
CO, Syngas  Acetate, ethanol, 2,3-butanediol, [butanol] Clostridium ljungdahlii (Köpke et al., 2011, 2010) 
 
CO, Syngas Acetate, ethanol, 2,3-butanediol, [butanol] Clostridium 
autoethanogenum 
(Koepke and Liew, 2012), 
Lanzatech 
 
CO, Syngas Poly-hydroxyalkanoates Rohodospirillum rubrum (Do et al., 2006) 
 
Aerobic 
CO2+H2+O2 Poly-hydroxybutyrate Ralstonia eutropha (Volova et al., 2006) 
 
CO2+H2+O2 [Pentadecane/heptadecane] Ralstonia eutropha (Bi et al., 2013) 
 
CO2+H2+O2 [Cyanophycin] Ralstonia eutropha (Lütte et al., 2012) 
 
CO2+H2+O2 [Botryococcene] Rhodobacter capsulatus (Khan et al., 2014) 
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 In terms of ATP production, the WL pathway consumes one ATP in the condensation 
of formate with THF via the formyl-THF synthetase. However, no ATP is produced through 
this pathway, but one ATP is produced via substrate level phosphorylation via acetate kinase 
during acetate production. This provides the cell a net of zero ATP through these pathways. 
However, it is explained that acetogenic cells produce their ATP through electrochemical 
gradients, either Na+ or H+ dependent. In the case of a proton membrane gradient, a 
membrane based Rnf unit pumps protons out of the cell. As the protons diffuse back towards 
the cell membrane driven by the proton gradient, they are channeled through a F1F0 ATPase, 
which catalyzes the conversion of ADP to ATP (Bengelsdorf et al., 2013; Henstra et al., 
2007). An overview of the acetogenic metabolism is provide in Figure 1.2.  
 Biological conversion of syngas to organic compounds can be metabolized through 
various combinations of substrates (CO, CO2, and H2), which are listed in Table 1.2 below. 
Reactions that have larger negative Gibbs free energy values are considered more 
thermodynamically favorable. Based on the information presented in Table 1.2, the 
production of acetic acid from CO only is the most favorable (John Phillips et al., 2017). 
Although the production of acetyl-CoA is possible using just CO2/H2, this conversion route 
has an overall negative energy balance and is not preferred by the cell (Henstra et al., 2007).  
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Figure 1.2. Metabolism of C. ljungdahlii including the WL pathway. Source: (Köpke et al., 
2010). 
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Table 1.2. Ethanol and acetic acid production from syngas constituents with ΔG (Gibbs free 
energy change for each reaction at 298K and 100 kPa). Adapted from Phillips et al. (John 
Phillips et al., 2017). 
 
Products Reaction ΔGo (kJ/mol) 
 
 
Acetic Acid 
 
(1) 4CO + 2H2O → CH3COOH + 2CO2 
(2) 3CO + H2 + H2O → CH3COOH + CO2 
(3) 2CO + 2H2 → CH3COOH 
(4) CO + 3H2 + CO2 → CH3COOH + H2O 
(5) 4H2 + 2CO2 → CH3COOH + 2H2O 
  
 
-154.6 
-134.5 
-114.5 
-94.4 
-74.3 
 
 
 
Ethanol 
 
(6) 6CO + 3H2O → CH3CH2OH + 4CO2 
(7) 5CO + H2 + 2H2O → CH3CH2OH + 3CO2 
(8) 4CO + 2H2 + H2O → CH3CH2OH + 2CO2 
(9) 3CO + 3H2 → CH3CH2OH + CO2 
(10) 2CO + 4H2 → CH3CH2OH + H2O 
(11) CO + 5H2 + CO2 → CH3CH2OH + 2H2O 
(12) 6H2 + 2CO2 → CH3CH2OH + 3H2O 
 
 
-217.4 
-197.3 
-177.3 
-157.2 
-137.1 
-117.1 
-97.0 
Acetic Acid (13)   CO + CO2 + 6H
+ + 6e- → CH3COOH + H2O -94.4 
Ethanol (14)   CO + CO2 + 10H
+ + 10e- → CH3CH2OH + 2H2O -117.1 
 
 Ideally, the production of alcohols from syngas containing CO2, CO, and H2 would be 
most carbon efficient if the carbon from CO is used to build the organic compounds rather 
than utilized as an energy source. Based on the stoichiometric equation presented in Table 
1.2, use of CO as the sole carbon and energy source results in only one-third of the carbon as 
CO being converted to ethanol. In situations where CO, CO2, and H2 are present (combining 
Eq 6 and 12 from Table 1.2) up to two-thirds of the carbon from CO can be converted to 
ethanol (Munasinghe and Khanal, 2010).  Therefore, although thermodynamically the 
utilization of CO can be favorable, it is not carbon efficient due to the loss of carbon in the 
form of CO2. Therefore, to utilize carbon more effectively the presence or the addition of 
hydrogen to the syngas mixture can avoid the formation and loss of carbon as CO2 by 
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producing electrons from H2 to power the carbon fixation pathways, without sacrificing 
carbon compounds (Liew et al., 2016).   
 However, a significant issue in syngas fermentation is the ability of CO to inhibit 
various enzymes in syngas fermenting organisms due to its affinity to various 
metalloenzymes and co-factors containing metal ions (Yasin et al., 2015). Specifically, 
hydrogenase enzymes are significantly affected by the presence of high concentrations of CO 
(Ramió-Pujol et al., 2015). The inhibition of hydrogenase enzymes by CO presents a hurdle 
in efficiently utilizing carbon in syngas. If hydrogenase is inhibited, the culture’s ability to 
utilize hydrogen as a source of reducing equivalents is affected and therefore, the culture will 
be forced generate reducing equivalents from CO, sacrificing carbon. This was a potential 
explanation for results indicating higher ethanol yields when a minimum concentration of 
H2/CO was supplied to C. ragsdalei and ethanol yields dropped when higher concentrations 
of CO and H2 were supplied (Terrill et al., 2012). Because of this hurdle, the issue of gas to 
liquid mass transfer rates and reactor design are directly applicable due to its impact on the 
metabolic performance in terms of syngas utilization (Yasin et al., 2015).  
1.2.3. Engineering Organisms for Syngas Fermentation 
 As the understanding of acetogenic syngas fermenting bacteria increases, 
opportunities will be available to use modern genetic tools to manipulate pathways and the 
metabolism of these organism to produce desired products more effectively. Significant work 
has been done to understand mechanisms of syngas fermentation at the molecular and genetic 
level (Bruant et al., 2010; Nagarajan et al., 2013; Roberts et al., 2010). However, there are 
still many unknowns regarding these mechanisms and therefore additional research is 
required to develop a full understanding of these organisms (Verma et al., 2016). Successful 
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attempts at modifying genomes of syngas fermenting organisms has been reported and Liew 
et al. has compiled an extensive table of these success and the result of these modifications. 
Many of these modifications enhance production of a particular product, while others have 
been able to introduce new pathways into native species to produce compounds not naturally 
produced (Liew et al., 2016). As technologies to modify these organisms improve as well as 
their understanding further improvements and versatility in syngas fermentation performance 
can be expected.  
1.3. Physical Aspects of Syngas Fermentation - Mass Transfer and Reactor Design 
 Practical application of syngas fermentation for the production of fuels and chemicals 
requires an understanding of several bioprocessing principles including topics such as: (1) 
bioreactor design, (2) gas to liquid mass transfer, (3) fermentation conditions, and (4) syngas 
composition and quality. Due to the nature of syngas fermentation, where both the carbon 
and energy sources are in gaseous form, reactor design is a critical factor. To achieve 
scalable and economical product generation through syngas fermentation requires an 
effective and efficient transfer of gaseous substrates to the bacterial culture (Abubackar et al., 
2011).  
 Traditional fermentation bioreactors are typically stir tank reactor systems. In these 
bioreactors gases are introduced through a gas diffuser or sparger at the bottom of the vessel 
and travel up through the bulk liquid. Impellers provide agitation for two purposes related to 
gas to liquid mass transfer: (1) to break larger bubbles into smaller bubbles, which increases 
the gas to liquid interfacial area and (2) to provide turbulent conditions for improved mass 
transfer. Using a combination of higher gas flow and agitation rates provides greater mass 
transfer. In the case of aerobic cultures, the mass transfer of oxygen is critical to the growth 
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of the culture, while in syngas fermentation the mass transfer of CO, CO2, and/or H2 is 
important (Orgill et al., 2013; Riggs and Heindel, 2008).  
 During the growth of syngas fermenting cultures in a stir tank bioreactor, the initial 
cell density is low at the time of inoculation. However, as the culture grows, demand for 
carbon and energy substrates in the form of syngas increases requiring higher mass transfer 
rates of gas to liquid mass transfer. Without this increase cell growth and culture productivity 
will suffer as the culture becomes starved for carbon and energy. Therefore, either the 
agitation or gas flow rates must be increased separately or in tandem to match the 
consumption rate of the microbial culture. However, components of syngas that provide 
energy, CO and H2, have low solubilities in water making it difficult to achieve high rates of 
mass transfer without expending a significant amount of energy (Klasson et al., 1991; 
Munasinghe and Khanal, 2012). This has been a critical hurdle in the application and scale 
up of syngas fermentation. A brief review of commonly utilized and studied reactor systems 
including stir tank, bubble column, trickle bed, and hollow fiber membrane reactors will be 
provided in addition to fundamentals regarding gas to liquid mass transfer.  
1.3.1. Evaluating Gas to Liquid Mass Transfer in Bioreactor Systems 
 Gas to liquid mass transfer varies based on the reactor system, configuration, and 
fermentation conditions and environment. Table 1.3 provides a summary of various types of 
bioreactors used for syngas fermentation and their respective mass transfer capabilities. The 
rate of gas to liquid mass transfer is measured in terms of kLa, the volumetric mass transfer 
coefficient with units of inverse time and is composed of two terms: (1) kL is the mass 
transfer coefficient that relates the diffusion rate and area and the concentration gradient in 
terms of distance per time and (2) a which is the interfacial surface area in terms of m2 of 
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interfacial area per m3 of volume. In cases where sparingly soluble gases are used, kL (local 
liquid side mass transfer coefficient) and KL (overall liquid side mass transfer coefficient) can 
be considered the same due to the significantly larger resistance to mass transfer on the liquid 
side versus the gas phase side of the interface (Garcia-Ochoa and Gomez, 2009).  
Table 1.3. Volumetric mass transfer coefficients for various bioreactor classes. Adapted and 
modified from (Bredwell et al., 1999). 
 
Reactor Type Gas Void Fraction a KLa (hr-1) b 
Stir Tank Reactor  10 – 500 
Bubble Columns 0.60 – 0.98 18 – 860 
Packed Bubble Columns 0.60 – 0.98 18 – 430 
Packed Columns – co-current  0.02 – 0.95 1.5 – 3670 
Packed Column – trickle flow 0.02 – 0.95 36 – 360 
Microbubble sparged 0.01 – 0.05 200 – 1800 
Hollow fiber membrane  
Up to 1061 c 
(Orgill et al., 2013) 
a Gas volume/liquid volume 
b Based on reactor volume  
c Based on reactor liquid volume 
 
 The volumetric mass transfer coefficient is derived from the following expression 
relating the concentration gradient, interfacial area, and rate of mass transfer along with the 
liquid side mass transfer coefficient as shown in Equation 1.1.  
 
Eq. 1.1                                               
𝑑𝑚𝑖
𝑑𝑡
= 𝐾𝐿 ∗ 𝐴 ∗ ∆𝐶𝑖 
 
The above expression is in terms of mass of compound i transferred across the interface per 
unit time. However, by dividing both sides by the Volume, the result is a volume-based mass 
transfer expression, as in Equation 1.2. Where a is the interfacial area per unit volume and 
the differential term is the change in concentration over time of compound i.  
 
Eq. 1.2                                           
𝑑𝐶𝑖
𝑑𝑡
= 𝐾𝐿 ∗ 𝑎 ∗ ∆𝐶𝑖 
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For mass transfer across an interface the concentration of compound i on the liquid side of 
the interface is assumed to be the equilibrium concentration 𝐶𝑖
∗. Based on this, the final 
expression used to calculate the volumetric mass transfer coefficient is written in Equation 
1.3 where 𝐶𝑖,𝑏 represents the bulk liquid concentration of i.  
 
Eq. 1.3    
𝑑𝐶𝑖
𝑑𝑡
= 𝐾𝐿𝑎 ∗ (𝐶𝑖
∗ − 𝐶𝑖,𝑏)  
 
By integrating Equation 1.3 and solving for the kLa the volumetric mass transfer coefficient 
can be determined for bioreactors using various experimental methods.  
 
Eq. 1.4    𝐾𝐿𝑎 =
ln⁡(
𝐶∗−𝐶𝑖,2
𝐶∗−𝐶𝑖,1
)
(𝑡2−𝑡1)
  
  
 A commonly used approach for measuring the KLa is known as the dynamic method, 
where oxygen is typically used due to the many fermentation applications that utilize aerobic 
organisms. During the dynamic method oxygen is removed from the bulk liquid by sparging 
nitrogen or other chemical or biological methods, followed by the introduction of oxygen 
into the bulk liquid. This results in an increase in the oxygen concentration from 0, which can 
be used to calculate the KLa. Additional methods exist including the use of aerobic microbes 
that deplete the oxygen concentration in the liquid, followed be re-introduction of oxygen 
(Garcia-Ochoa and Gomez, 2009; Klasson et al., 1991; Orgill et al., 2013).   
1.3.2. Gas to Liquid Mass Transfer Performance of Different Bioreactor Designs 
 Fermentation of various microbes are traditionally performed in stir tank bioreactors 
as previously described. These systems are very effective in driving gas to liquid mass 
transfer, through the action of impeller driven mechanical agitation that provides turbulence 
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and shear forces to break up large gas bubbles. This action of breaking gas bubbles leads to 
an increase in surface area. Typical KLa values for a STR can be in the range of 10- 500 hr
-1 
(Bredwell et al., 1999), making these systems widely used and studied extensively for 
microbial fermentation, including syngas fermentation.  However, to achieve greater KLa 
values, high rates of mechanical agitation are required. Equation 1.5 correlates the KLa to 
conditions within a STR.  
 
Eq. 1.5    𝐾𝐿𝑎 = 𝐶 (
𝑃𝑔
𝑉
)
𝛼
𝜇𝑠
𝛽
 
 
 In Equation 1.5, C is a constant that is dependent on the STR geometry and configuration, 
Pg/V is the power imparted on the liquid by the reactor during gas sparging, and μβ is the 
superficial gas velocity through the system (Gill et al., 2008). Based on this expression, for a 
given volume of liquid by increasing the power imparted on the liquid, the KLa can be 
increased. In addition, the relationship between agitation speed and KLa is linear (Yasin et al., 
2015).  
 However, increasing the agitation results in a cubic increase in the power requirement 
based on the Equation 1.6, where N represent the impeller speed, Np is an impeller specific 
constant, ρ the liquid density, and di the impeller diameter (Gill et al., 2008; Nienow and 
Lilly, 1979).  
 
Eq. 1.6     𝑃𝑢𝑔 = 𝑁𝑝𝜌𝑁
3𝑑𝑖
5 
 
Therefore, increases in the KLa requires a cubic increase in the power required to achieve the 
mass transfer rates required. This relationship is a significant hurdle to larger scale syngas 
fermentation due to the large power requirement to achieve productive syngas conversion to 
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fuels and chemicals. Without more effectively driving gas to liquid mass transfer, scale up of 
syngas fermentation for commercial applications is difficult to achieve (Orgill et al., 2013).  
 This has led to the development of various bioreactor configurations and designs to 
increase KLa and thereby reduce the power consumption for gas mass transfer. One of these 
variations is the generation of microbubbles that are surfactant stabilized, to avoid 
coalescence of the bubbles. Microbubbles, which can be around 50 μm in diameter, 
compared to 3-5 mm for a typical gas sparger, provide a much greater surface area for gas to 
liquid mass transfer, by increasing the a component in the overall mass transfer coefficient 
(Bredwell and Worden, 2008). Using this technique, KLa values of between 200-1800 hr
-1 
was achieved (Bredwell et al., 1999). In addition the generation of microbubbles has a power 
requirement of approximately 0.01 kW/m3 of fermentation culture volume, which can help 
reduce overall power consumption for syngas fermentation (Abubackar et al., 2011).  
 In STRs, the power consumption is dominated by the need for mechanical agitation. 
BCRs are utilized for gas to liquid mass transfer without the need for mechanical agitation. 
These reactors are cylindrical in design with a gas diffuser located at the bottom of the 
vessel. As gas enters the vessel through the diffuser, discrete bubbles move up through the 
liquid. This allows for gas diffusion from the bubbles to the surrounding liquid. Turbulence 
generated by gas bubbles moving up the column generates mixing within the water column. 
This makes BCRs a low capital and operating cost system (Abubackar et al., 2011; 
Asimakopoulos et al., 2018; Yasin et al., 2015).  
 Mass transfer rates in BCR can achieve mass transfer rates of 18-860 hr-1. These 
higher mass transfer rates have been explained as a result of longer residence times of the gas 
bubbles within the water column as they rise through the column (Bredwell et al., 1999). 
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Also, as bubbles travel towards the surface of the column, cellular consumption of the gases 
diffusing into the liquid is consumed leading to variations in liquid gas concentration and this 
can help lead to increased mass transfer driving force and improve the KLa. Operating 
conditions also can help improve mass transfer in BCRs, such as increasing the pressure 
(Chen et al., 2015). In large scale BCRs, the pressure generated by the water column can also 
influence the KLa of the reactor (Garcia-Ochoa and Gomez, 2009).  
 For these systems the KLa can be correlated to a reactor conditions as shown in 
Equation 1.7, which shows a general dimensional correlation where the mass transfer 
coefficient is dependent on the physical configuration and geometry of the reactor, the 
superficial velocity of the gas flowing through the column (Vs), and for non-Newtonian fluids 
the apparent viscosity of the (especially for non-Newtonian fluids) (μa). These factors also 
influence the exponents (a and b) and the constant (C) (Garcia-Ochoa and Gomez, 2009).  
 
Eq. 1.7    𝐾𝐿𝑎 = 𝐶 ∗ 𝑉𝑠
𝑎 ∗ 𝜇𝑎
𝑏 
 
 Although the potential for improved KLa and reduction in energy consumption exists 
with the use of BCRs, a few studies have investigated the use of only a BCR for syngas 
fermentation (Chang et al., 2001; Datar et al., 2004; Rajagopalan et al., 2002). However, 
studies have used the BCR in combination with STR, membrane, or other types of reactors in 
multiple stage syngas fermentation configurations (Asimakopoulos et al., 2018).  
 Trickle bed reactors or TBRs consist of a packed vertical tube through which gas and 
liquid flow together. The liquid flow is typically downward, as it trickles around and through 
the packing material and the gas flow can either be co- or counter-current with the liquid. 
This reactor concept utilizes the nature of liquid flow through the packed bed, where the 
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liquid is distributed over the packing material. This flow regime provides enhanced mass 
transfer through an increased interfacial surface area between the gas and liquid phases 
(Devarapalli et al., 2016).  
 In such systems, the microbes may be attached as films or suspended and flow 
through the packed bed along with the liquid. Mass transfer rates in TBRs have been reported 
as 36-360 hr-1 for concurrent flow systems and 1.5-3670 hr-1 for counter current systems 
(Bredwell et al., 1999). In a study conducting a direct comparison between reactor types, 
mass transfer rates for a TBR system achieved mass transfer rates greater than an STR, 114 
hr-1 versus 421 hr-1 for a STR and TBR respectively. It was also concluded that gas flow rate 
was a critical factor in TBR mass transfer efficiency (Orgill et al., 2013).   
 Hollow fiber membrane reactors have been more intensively studied recently due to 
their success in applications where high rates of mass transfer is required. This technology 
has been utilized in various applications including various bio-separations, drinking water 
purification, gas separations, reverse osmosis, and others (Feng et al., 2013).  
 HFM reactors are a class of membrane-based biofilm reactors and operate differently 
from the other reactors described in this review. In HFM systems the bulk gas and liquid 
phases are separated by a membrane through which syngas, or other gases, can diffuse 
through. Typically, in HFM reactors these membranes are fabricated as hollow cylinders that 
are bundled together within a shell (Feng et al., 2013). Gases flow within the hollow lumen 
side of the membrane and the bulk liquid remains on the outside of the cylinders. The gas 
flowing through the HFM is pressurized to drive gas components through the membrane to 
the liquid side, up to 15 psi for example (Shen et al., 2014a).   
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 During syngas fermentation, microbes attach to the outside of the membrane surface 
and form a biofilm, a layer of bacterial cells held together by a biopolymeric substance. 
Syngas flowing through the HFM can diffuse through the membrane and directly contact the 
biofilm. This provides a direct path for syngas to reach the microbes and the mass transfer 
rates are very high relative to other reactor systems described. Several studies have been 
conducted to assess the mass transfer efficiency of HFM systems (Munasinghe and Khanal, 
2012; Shen et al., 2014a).  
 Orgill et al. performed an in-depth analysis of mass transfer using various HFM types 
including different materials, hydrophobic and hydrophilic, outer diameters, surface areas, 
and other factors. It was determined that a HFM fabricated from PDMS 
(polydimethylsiloxane) material resulted in the highest KLa (1041 hr
-1) compared to an STR 
(114 hr-1) and TBR (421 hr-1) This was explained based on the high oxygen permeability of 
PDMS, the large surface area to volume ratio, and small fiber size (Orgill et al., 2013). For 
CO, mass transfer studies have shown that in STR systems KLa values are in the range of 
10.8 – 155 hr-1 (Riggs and Heindel, 2008) while for HFM systems reported values are in the 
range of 85.7 – 946.6 hr-1 (Munasinghe and Khanal, 2012). An additional study performed 
utilized an HFM module as an external gas diffuser unit coupled with a STR reservoir. This 
study demonstrated KLa values of up to 385 hr
-1 when using CO as the model gas (Lee et al., 
2012). A similar setup as Lee et al., was used for a biotic syngas fermentation culture and the 
measured KLa for the HFM module was 1096.2 hr
-1 (Shen et al., 2014a). With such high rates 
of mass transfer, HFM reactors are capable of supplying syngas substrate to cultures of 
microbes at sufficient rates to produce biofuels at high concentrations.  
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1.4. Syngas Fermentation Strategies and Productivities 
 In addition to the importance of reactor design to achieve efficient syngas 
fermentation, the biological conditions must be tailored to promote syngas utilization for 
producing product at high rates and concentrations. This includes the culture medium, which 
will provide nutrition for the cells, conditions such as temperature, pH, salinity, and other 
factors play an important role as well. Control of these parameters can have significant 
impacts on the success of syngas fermentation cultures (Cotter et al., 2009; Kundiyana et al., 
2011; Leclerc et al., 1998).  
1.4.1. Syngas Composition 
 Syngas composition has a significant impact on the performance of a syngas culture. 
The ratios of CO, CO2, and H2 have been the subject of many studies as well as the effect of 
changing pressures of the gaseous phase. An important factor is the energy provided by the 
syngas to the culture. Because CO and H2 are energy providing substrates in syngas as well 
as their low solubility, they have been the topic of several studies.  
 Typically for the production of carbon-based products from syngas, it is preferred for 
H2 to provide the reducing equivalents to power the cells. Therefore, the CO can be utilized 
by the cell for building organic compounds rather than being oxidized to generate energy for 
the cell. This leads to better carbon efficiency (Skidmore et al., 2013). A study using 
Clostridium ragsdalei utilized various ratios of CO and H2 with a constant concentration of 
CO2 to evaluate the impact of changing the CO and H2 ratios. Interestingly it was determined 
that the highest ethanol concentration produced was with the lowest concentrations of CO 
(20 mol%) and H2 (10 mol%) used in the syngas mixture (1.4 g/L), but the highest cell 
density was achieved when using the highest concentration of CO (30 mol%). This was 
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explained by the interplay of CO and H2, where CO inhibits hydrogenase activity within the 
culture. Therefore, at lower CO concentrations H2 could be more effectively utilized to 
convert acetic acid to ethanol (Terrill et al., 2012). This study highlights the importance of 
balancing the ratio of CO and H2, due to the inhibitory nature of CO on hydrogenase 
enzymes (Heiskanen et al., 2007; John Phillips et al., 2017; Terrill et al., 2012).  
 The impact of syngas composition was also highlighted in a study that observed the 
changes in product profile as the ratio of CO and H2 was changed. In the reactor system 
being used, by increasing or decreasing the partial pressure of CO/H2, the researchers were 
able to promote the production of either acetate (low partial pressure of H2/CO) or ethanol 
(high partial pressure of H2/CO) (Wang et al., 2018). This observation has been supported by 
other studies as well that have evaluated the impact of hydrogen addition (Heiskanen et al., 
2007; Skidmore et al., 2013). CO partial pressure was exclusively studied to determine the 
impact on product production and profile. Hurst et al. found that there were several important 
observations when the partial pressure of CO was increased up to 2 atm from 0.35 atm. The 
biomass concentration was improved by 440% and ethanol concentration was increased with 
higher PCO to greater than 2.5 g/L at a PCO of 2 atm. It was also observed that acetic acid 
conversion to ethanol increased with greater PCO (Hurst and Lewis, 2010).  
 An important aspect of syngas composition is the quality of syngas that is generated 
directly from biomass. It is well known that syngas generated from biomass contains 
compounds in addition to CO, CO2, and H2. These compounds include NOx, SOx, HCN, tars, 
and other hydrocarbons and nitrogenous compounds that can negatively impact syngas 
fermenting microbes (Ahmed et al., 2006; Xu et al., 2011). Compounds such as ammonia and 
nitric oxide have been studied in detail due to their ability to inhibit the hydrogenase enzyme 
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in C. ragsdalei and C. carboxidivorans. In both studies inhibition kinetics of these 
compounds were determined on the activity of hydrogenase enzymes for both species 
(Ahmed and Lewis, 2007; Xu and Lewis, 2012). Due to the high solubility of ammonium, 
it’s removal from syngas is critical, especially at low pH conditions (Xu and Lewis, 2012). 
However, for nitric oxide, it was determined that cultures would be able to tolerate less than 
40 ppm of nitric oxide (Ahmed and Lewis, 2007).  
 Use of biomass derived syngas has been tested in live cultures and shown to 
significantly impact performance of the culture. In cases where the gas supply was switched 
from biomass derived syngas to clean syngas, cells would become dormant in the presence of 
toxins, but become active once again after supply of clean syngas was reestablished (Ahmed 
et al., 2006; Datar et al., 2004). One study aimed to look at adapting C. ragsdalei to producer 
gas generated from switchgrass and the authors were successful in demonstrating resistance 
to these contaminants. Results showed that cell growth, ethanol production, and ethanol yield 
were improved when using pre-adapted cells versus non-adapted cells exposed to switchgrass 
derived producer gas (Ramachandriya et al., 2013). This ability to adapt syngas fermenting 
cells to toxic compounds within the syngas mixture is a potential benefit in terms of reducing 
the cost of cleaning the syngas and reducing loss of product via inhibition and further 
illustrates the advantages of utilizing biological systems to catalyze the conversion of syngas 
to biofuels and products.  
1.4.2. Culture pH and its Effect on Acetogenic vs. Solventogenic Fermentation Stages 
 Syngas fermentation under batch conditions has a biphasic metabolic pattern and goes 
through two distinct stages: (1) an acetogenic and (2) a solventogenic stage. These phases are 
directly related to the culture pH and the transition between them may be triggered by the pH 
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of the culture medium (Abubackar et al., 2016). The first stage is characterized by the 
production and buildup of organic acids, primarily acetic acid with other compounds such as 
butyric acid also being produced based on the metabolic profile of the acetogenic organism 
(Ukpong et al., 2012).  
 The acidogenic stage of syngas fermentation is characterized as growth associated 
and results in an increase in the organic acid concentration. This drives the culture pH down 
from its initial point to approximately 4 to 4.5, but can depend on the environmental 
conditions within the reactor as well (Min et al., 2013). However, at this point there is a 
major shift in the metabolism of many syngas fermenting organisms from acidogenesis to 
solventogenesis where the organic acids are re-assimilated into the bacterial cells and 
reduced to alcohols. For example, acetic acid is assimilated back into the cell and converted 
into ethanol or butyric acid to butanol, which is the desired outcome for commercial biofuel 
production (Ramió-Pujol et al., 2015).  
 Although this phenomenon has been widely observed, an exact explanation of the 
mechanism of this change in metabolism has not been described and several factors have 
been proposed as to the triggers that result in the change in metabolism from acid forming to 
solvent forming (John Phillips et al., 2017). One of the most common explanations is related 
to the proton gradient the cell utilizes for ATP production. As the extracellular pH decreases, 
the secreted organic acids in the medium diffuse back through the membrane. This is 
possible because at low pH conditions the previously disassociated organic acids become 
undissociated, making them more soluble in the cell membrane. As a result, the undissociated 
organic acids can diffuse back into the bacterial cytoplasm, where the pH is more basic, 
which results in disassociation of the organic acids. By returning to its salt form, protons are 
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released into the cytoplasmic space, which can compromise the proton gradient formed 
across the cell’s membrane. Without this gradient, the cell cannot produce ATP via the ATP 
synthase that depends on proton transport back through the cell membrane (Min et al., 2013).  
 As a result of this stress and degradation of the proton gradient, the cell responds by 
catalyzing the reduction of the organic acids into alcohols. These alcohols are then released 
back into the medium outside the cell, where they accumulate. This action by the cell raises 
the pH of the culture, but this cannot be sustained due to the toxicity of alcohols in high 
concentrations in the medium due to potential damage to the cell membrane and other factors 
(Ramió-Pujol et al., 2015). These factors and conditions have been studied and is a critical 
aspect of fermentation optimization and pH manipulation has been an approach in attempting 
to control the cell’s metabolism (Abubackar et al., 2016; Ganigué et al., 2016; Richter et al., 
2016).  
1.4.3. Biofuel Production from Various Bioreactors and Fermentation Strategies 
 Previously in this review, several types of bioreactors were described. Researchers 
have utilized these different systems to evaluate the production of biofuels, mainly ethanol, 
and chemicals during operation of these bioreactors. Table 1.4 contains a review of various 
types of bioreactors and bioreactor configurations commonly used and their final ethanol 
production values for Clostridium sp.  
 For STR systems using Clostridium sp. ethanol concentrations achieved have ranged 
from 2.81 g/L (Ukpong et al., 2012) to 25.26 g/L (Kundiyana et al., 2010). However, it 
should be noted that studies presented in the literature have variations in culture media, 
temperature, and various other variables, which can make it difficult to compare results 
across many studies, even when the same reactor type is utilized. Although STR reactors are 
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widely used for fermentation, the energy consumption to drive gas to liquid mass transfer has 
led to research in development of other reactor designs.  
 BCR reactors have demonstrated high gas to liquid mass transfer rates as previously 
discussed, however, there are a limited number of studies conducted that utilize only a bubble 
column reactor for syngas fermentation. Two of these studies are presented in Table 1.4 and 
in each case the culture was operated in a continuous mode. However, BCR have been 
utilized in unique bioreactor configurations, which will be discussed later. 
 Trickle bed reactors have received attention in recent years due to their potential for 
high mass transfer rates (Bredwell et al., 1999), but no literature was available studying 
trickle bed reactors for syngas fermentation to biofuels at the time Devarapalli et al. 
presented their research (Devarapalli et al., 2016). Two studies (presented in Table 1.4) 
demonstrated that effective syngas fermentation for alcohol production can be achieved. The 
first study utilized a TBR reactor in semi-continuous mode and using both co- and counter-
current operation. Results showed that co-current operation resulted in higher ethanol titer 
(5.7 g/L). This study was followed up with a continuous TBR operation that was operated for 
133 total days using various reactor conditions. It was confirmed that co-current operation 
performed better than countercurrent operation with production of 13.2 g/L ethanol, which 
was twice what was measured in counter current operation. In terms of continuous
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Table 1.4. Syngas fermentation in various bioreactors from selected studies that utilized Clostridium sp. with reported ethanol 
production. 
Reactor 
Type 
Organism 
Culture 
Volume 
(L) 
Agitation 
(RPM) 
Syngas Composition 
Syngas 
Flow Rate 
(SLPM) 
Ethanol 
(g/L) 
Reference 
STR Clostridium P11 70 150 60% N2, 20% CO, 15% CO2, 
5% H2 
0.9 25.26 (Kundiyana et 
al., 2010) 
STR C. carboxidivoransP7 1.2 250 100% CO 0.01 5.55 (Fernández-
Naveira et al., 
2016) 
STR C. autoethanogenum 1.2 250 100% CO 0.015 0.3526 (Abubackar et 
al., 2015) 
STR C. carboxidivoransP7 3 150 60% N2, 20% CO, 15% CO2, 
5% H2 
0.1 2.81 (Ukpong et al., 
2012) 
STR Clostridium P11 3 150 60% N2, 20% CO, 15% CO2, 
5% H2 
0.15 9.6 (Maddipati et 
al., 2011) 
BCRa C. carboxidivoransP7 4.5 n/a 60% N2, 25% CO, and 15% 
CO2 
0.2 1.6 (Rajagopalan 
et al., 2002) 
BCRa C. carboxidivoransP7 4.5 n/a Biomass derived Syngas 0.18 5 (Datar et al., 
2004) 
TBRb C. ragsdalei 0.5 n/a 5% N2, 38% CO, 28.5% CO2, 
28.5% H2 
0.0023 5.7 (Devarapalli et 
al., 2016) 
TBRa C. ragsdalei 0.5 n/a 5% N2, 38% CO, 28.5% CO2, 
28.5% H2 
0.0189 13.2 (Devarapalli et 
al., 2017) 
HFM C. carboxidivoransP7 8 n/a 60% N2, 20% CO, 15% CO2, 
5% H2 
pressurized 
to 15 psi 
23.93 (Shen et al., 
2014a) 
 
a Fermentation in continuous culture mode.  
b Fermentation in semi-continuous culture mode.  
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productivity of ethanol, this reactor system produced 158 mg ethanol/L-hr, which is very 
high relative to other studies (Devarapalli et al., 2017).  
 In addition to these results it was also observed that the TBR reactor allowed for the 
formation of a bacterial biofilm within the reactor. Although this was not the goal of the 
authors, it was observed that the biofilm did improve hydrogen utilization in the reactor. 
Establishing a biofilm earlier in the culture was explicitly stated by the researchers as a future 
objective to improving the performance of the TBR reactor. However, this study highlighted 
that operation of a TBR system for extended periods of time was difficult. Issues of flooding 
and gas leaks were encountered, which caused performance issues and delays (Devarapalli et 
al., 2017). 
 HFM reactors have also been considered as previously discussed in Section 3. 
Success in applications related to mass transfer and separation applications has driven 
research towards using HFM technology for syngas fermentation. As previously discussed, 
the goal when using HFM bioreactors is to establish a microbial biofilm on the fiber 
membrane itself and syngas diffuses through the membrane, reaching the biofilm directly.  
 Mass transfer rates are significantly higher for these systems for gas to liquid mass 
transfer and results have shown that this can translate into higher production rates for 
alcohols. Shen et al. utilized a HFM reactor module to grow C. carboxidivorans P7 and 
demonstrated that ethanol concentrations of 23.9 g/L in a batch culture. Another study 
focused on mixed culture fermentation utilizing a HFM reactor in a semi-continuous fashion. 
Results showed that with the mixed culture, which originated from a mesophilic digester, 
was able to utilize syngas to generate a 16.9 g/L concentration of ethanol. The biofilm that 
developed was 2 to 4 microns thick and was analyzed to determine species composition. This 
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study also showed that by varying the partial pressure of H2 and CO the reactor product 
profile could be tuned, higher H2 and CO promoted solvent production, while lower H2 and 
CO promoted acid production (Wang et al., 2018). An HFM reactor was also utilized for the 
production of organic acids, mainly acetic acid, from a thermophilic culture. Acetic acid 
concentrations reached 42.4 g/L with a production rate of 10.5 g/L/d (Y.-Q. Wang et al., 
2017).  
 The studies summarized in this review and others have shown that HFM reactors are 
capable of high mass transfer rates, promote the formation of microbial biofilms, and result 
in high ethanol or product formation by utilizing the enhanced mass transfer of the system. 
These results demonstrate the potential of HFM technology for syngas fermentation.  
 The previous discussions have focused on single bioreactor systems, but several 
studies have utilized unique bioreactor configurations to achieve greater syngas fermentation 
performance and to take advantage of characteristics of different bioreactor designs.  
 One particularly efficient system combined the use of a BRC and STR systems, 
where the STR stage was utilized as a growth vessel to allow the culture to reach a target 
optical density or cell density. Once this density was reached, the culture was pumped 
through a BCR along with a continuous dilution of fresh medium. By utilizing this approach 
ethanol productivity rates of 0.301 g/L/hr and final concentration of 19 g/L was achieve with 
an ethanol to acetate ratio of 5.5:1 (Martin et al., 2015). Another study utilizing a very similar 
reactor system, but with slightly different operational parameters achieved a production rate 
of 0.37 g/L/hr, which is relatively high for syngas fermentation (Richter et al., 2013).  
  One study took the approach of attempting to physically separate the acidogenic and 
solventogenic phases of syngas fermentation by using two separate bioreactor systems by 
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controlling the pH of 1 STR reactor at 6 and the other at 5. This concept of this study was 
confirmed, but production of product reached 1.5 g/L of ethanol and an ethanol to acetic acid 
ratio of 0.32 (Abubackar et al., 2018), which indicates a preference for acidogenesis over 
solventogenesis.  
 Other studies have used various modifications as well, such as the use of a monolithic 
biofilm substrate combined with a bubble column, which resulted in a significant 
improvement over a BCR without a monolithic biofilm substrate (Shen et al., 2014b). Other 
reactor configurations have also been tested and reviewed recently by Asimakopoulos et al. 
(Asimakopoulos et al., 2018).  
 As new reactor concepts are tested and developed improvements in syngas 
fermentation can be expected. Reactor systems that utilize biofilm or immobilized cell 
systems have been researched more frequently, including HFM, TBR, and multi-stage 
reactors systems and it seems to be a current trend in syngas fermentation.  
1.5. General Conclusions and Research Objectives 
 Syngas fermentation provides an opportunity to utilize abundant resources of 
lignocellulosic biomass to produce renewable fuels and chemicals. Through the gasification 
of biomass, all organic components can potentially be converted to compounds metabolizable 
by acetogenic bacteria to produce desirable products. As research efforts further technologies 
that enhance the productivity and versatility of the bacteria themselves through genetic and 
metabolic engineering and bioreactor designs improve to efficiently support the growth of 
syngas fermenting bacteria, syngas fermentation will become more feasible as a commercial 
process to produce renewable chemicals and fuels.  
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1.6. Research Objectives 
 Objectives of the research conducted was to address several aspects related to syngas 
fermentation: (1) develop an understanding of mass transfer limitations in syngas 
fermentation at the reactor and microbial level and which limits syngas utilization, (2) 
evaluate the impact of changing syngas composition on the performance of syngas 
fermentation, specifically the acidogenic and solventogenic stages and development of a 
model to incorporate these results, and (3) improve syngas mass transfer at the bioreactor 
level through the development of a novel reactor system.  
1.7. Organization of Dissertation 
 This dissertation is organized by chapters with Chapter 1 providing a brief general 
review of relevant literature, background information, and research objectives and 
organization. Chapters 2-4  present various research studies conducted: Chapter 2 relates to 
evaluating fundamental aspects of syngas mass transfer within the bioreactor and at the 
microbial level, Chapter 3 presents results of syngas compositional changes and it’s impact 
on fermentation performance as well as efforts in modelling the fermentation results with 
varying syngas composition, and Chapter 4 presents the development and testing of a novel 
syngas fermentation reactor capable of high rates of gas to liquid mass transfer as well as 
fermentation performance. Chapter 5 provides a high-level conclusion to summarize the 
results generated as well as general recommendations for future work. The final two sections 
are Appendix A and B, which describe additional research conducted in support of this 
dissertation.  
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Abstract 
 This study used 13C tracers and dynamic labeling to reveal metabolic features 
(nutrients requirements, pathway delineation and metabolite turnover rates) of Clostridium 
carboxidivorans P7, a model strain for industrial syngas fermentation, and its implication 
with bioreactor mass transfer. P7 shows poor activity for synthesizing amino acids (e.g., 
phenylalanine) and thus, needs rich medium for cell growth. The strain has multiple carbon 
fixation routes (Wood-Ljungdahl pathway, pyruvate:ferredoxin oxidoreductase reaction and 
anaplerotic pathways) and Re-citrate synthase (Ccar_06155) was a key enzyme in its 
tricarboxylic acid cycle (TCA) pathway. High fluxes were observed in P7’s Wood-Ljungdahl 
pathway, right branch of TCA cycle, pyruvate synthesis, and sugar phosphate pathways, but 
the cells anabolic pathways were strikingly slow. In bioreactor culture, when syngas flowrate 
increased from 1 to 10 mL/min, P7 strain produced same amount of total extracellular 
products (acids and alcohols) but high flowrate favored alcohol accumulation. This 
observation was due to the mass transfer limitation influencing energy metabolism (CO/H2 
oxidation for cofactor generations) more prominently than carbon fixation. When syngas 
flowrate increased from 10 of 20 mL/min, the alcohol productivity was not improved and the 
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labeling rate (~0.03 h-1) of key metabolite acetyl-CoA reached to P7 strain’s metabolism 
limitation regime.  
2.1. Introduction  
 Biological utilization syngas such as CO2 and CO becomes an important research 
field due to cheap feedstock and the concerns of global warming. Although photosynthesis 
cell factories can effective convert CO2 into biomass, they do not have efficient native 
pathways for production of extracellular chemicals and thus sophisticated genetic 
modifications are necessary to develop photo-biorefineries. Unlike photo-biorefinery, syngas 
fermentation uses native species to converts CO2, CO and H2 to diverse products such fuels 
and chemicals (e.g., ethanol, acetic acid, and butanol). Other advantages for syngas 
fermentation include bioprocess stability and tolerance to inhibitory compounds. Biocatalysts 
such as Clostridium sp. and Acetobacterium woodii naturally synthesize alcohol and organic 
acids and are commonly used in syngas fermentation 1,2. Genetic improvements 3 and syngas 
composition optimizations 4-6 have been attempted to improve efficiency of product 
synthesis.  
Currently, syngas fermentation is still facing challenges because the low solubility of 
gaseous substrates (CO and H2) hinders the transport of gas molecules across the gas-liquid 
interface and diffusion into cells for bioconversion 7. The engineering challenges such as gas-
to-liquid mass transfer are still restricting industrial syngas fermentation efficiency. Mass 
transfer can commonly be improved through increasing agitation or gas flowrate. Various 
reactor designs such as hollow fiber membrane reactor8, monolithic reactor9 and rotating 
packed bed biofilm reactor10 have also been developed to improve mass transfer in syngas 
fermentation 
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In addition to mass transfer limitations, biotransformation of gaseous substrates into 
metabolites inside the cell can be another bottleneck in syngas fermentation. In general, the 
Wood-Ljungdahl pathway is the key pathway for converting CO/CO2 into acetyl-CoA 
11,12. 
This pathway is much less effective in CO2 fixation than other pathway such as 
cyanobacterial CO2 fixation. Synthetic biology tools can be used to enhance cell’s Wood-
Ljungdahl pathway and oxidase activity. However, there has been a lack of complete 
knowledge of cell metabolism of syngas fermentation strains. Therefore, it is necessary to 
have a thorough investigation of the rate and routes of cell metabolism for conversion of 
acetyl-CoA into cascade metabolites during syngas fermentation.  
Isotope tracer technique has been used to determine the mass transport in bioreactors 
13-15. This approach can also investigate cell metabolism by analyzing isotopomer of both 
proteinogenic amino acids and fast turnover free metabolites 16. To investigate whether 
fermentation process is operated in a mass transfer limitation regime or a metabolism 
limitation regime, this study designs 13C-labeling experiments to delineate functional 
pathways and to identify metabolic rate limiting steps in Clostridium Carboxidivorans P7. P7 
is a model syngas fermentation strain for producing fuel ethanol from CO/CO2 
11. This strain 
has been studied for its microbial physiology and metabolic characteristics 17-19 as well as its 
performance in various bioreactor configurations8,9. The aim of this work is to elucidate 
functional pathway for cell growth and syngas conversion under different bioreactor mass 
transfer scenarios. Via 13C-fingerprinting of proteinogenic amino acid and fast-turnover 
metabolites, this study tracks cell adsorption of sugars or syngas (CO/CO2) from culture 
medium into its biosynthesis pathways 20. The labeling information deciphers cell product 
synthesis and metabolic responses to bio-availability of carbon substrate 21. In addition, this 
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study reported a reverse-labelling approach following previous report to trace syngas 
metabolism22. Since continuous flushing 13CO2 and 
13CO into bioreactor would be 
prohibitively expensive (13CO costs 220$/L, Cambridge Isotope Laboratories, MA), an 
inverse labeling approach was designed. U-13C glucose was used to grow P7 strain so its 
central metabolites became 13C-labeled. After organic labelled 13C glucose were consumed, 
unlabeled syngas was fed into the culture and time-course samples were taken to monitor un-
labelled 12C entering cell metabolism. The dynamic labeling/un-labelling of metabolites 
provides new insights into functions of individual central pathway under different mass 
transfer conditions. 
2.2. Materials and Methods 
Stain, medium and culture preparation  
 C. carboxidivorans P7 (ATCC-624T) was stored as 1 mL frozen glycerol stocks at -
80oC. To recover the cells, the stock culture was inoculated into culture tubes (40 mL) 
containing 10 mL seed medium, which contained (per liter) 5 g/L glucose and 1 g/L yeast 
extract (YE) dissolved in basal medium. The basal medium contained 5 g MES (4-
Morpholineethanesulfonic acid), 30 mL mineral stock solution, 10 mL of a trace metal 
solution, 1 mL resazurin sodium salt solution (1% w/v), 10 mL vitamin stock solution, and 
10 mL 4% cysteine-sulfide solution as reducing agent. The seed medium (except glucose, 
vitamin and cysteine-sulfide) was prepared anaerobically and autoclaved at 121oC for 20 
min. Glucose stock solution (50%, w/v), vitamin stock solution, and cysteine-sulfide stock 
solution were then added into the autoclaved liquid through a 0.22-micron filter. The 
headspace of the culture was pressurized with 10 psi carbon monoxide. All the operations 
were performed inside an anaerobic chamber (Coy Laboratory Products Inc., MI, USA).  
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Syngas fermentation in serum bottle systems.  
 Serum bottles were used to evaluate the necessity of yeast extract in the syngas 
fermentation of P7 strain and elucidate its central metabolism using 13C-labelling technology. 
The aim and design of each set of experiment were summarized in Table 2.1. Specifically, 
the seed culture in the mid/late exponential phase was inoculated into a 125 mL serum bottles 
containing 50 mL medium at a 10% inoculum ratio. The medium composition in the serum 
bottle culture was the basal medium supplemented 1 g/L YE and different combinations of 
sugars (glucose or fructose) and/or NaHCO3 (Table 2.1). In cases of 
13-C labeling tests (Tests 
2 and 3, Table 2.1), the seed was first inoculated into serum bottles which only contained 
basal medium (glucose-free). The bottles was incubated for 12 hours to ensure the residual 
unlabeled glucose in the inoculum was exhausted to avoid the interference of unlabeled 
glucose to the labelling results. Then, 13C-glucose or 13C-bicarbonate were injected into 
cultures before bottles were flushed and pressured with 15 psi syngas containing (v/v) 75% 
N2, 20% CO, and 5% H2 (Table 2.1). At the end of culture, samples (~15mL) were harvested 
using falcon tubes then quickly cooled to 0 oC via liquid nitrogen bath 20. The cold samples 
(~ 0 oC) were centrifuged and the biomass pellets were frozen and stored for subsequent 
analyses.  
 
 
 
 
4
2
 
Table 2.1. Summary of experimental design for various labeling tests in both serum bottle cultures and bioreactor cultures.  
Experiments Medium   
composition a 
Gas used  Growth condition Analytical methods      Aims 
Serum bottle 
(Test 1) 
5 g/L glucose/fructose  
and/or 1 g/L NaHCO3. 
1 g/L YE 
(unlabeled experiment) 
Headspace 
Gas 1 b 
 
Different combinations of the YE 
and sugars (and/or syngas) were 
added to the basal medium (as 
specified in Figure 2.1) 
Cell growth (optical 
density at 660 nm) 
Investigate the necessity 
of yeast extract in P7 
cell growth 
Serum bottle 
(Test 2) 
5 g/L 1-13C glucose 
(or 1, 2-13C glucose) 
1 g/L Na13HCO3 
1 g/L YE 
Headspace 
Gas 1 b 
 
Inoculation of seed culture into 
bottle, then add 13C glucose and 
Na13HCO3   
GC-MS analysis of 
proteinogenic amino 
acids 
Investigate the necessity 
of yeast extract in P7 
cell growth 
Serum bottle 
(Test 3) 
1 g/L Na13HCO3 
1 g/L YE 
Headspace 
Gas 1 b 
 
Inoculation of seed culture into 
bottle, then add Na13HCO3  
GC-MS analysis of 
proteinogenic amino 
acids  
Identify metabolic 
pathway and carbon 
transitions  
Serum bottle 
(Test 4) 
1 g/L NaH13CO3 
1 g/L YE  
 
Headspace 
Gas 1 b 
 
NaH13CO3 and Gas1 was added 
once yeast extract exhausted 
(OD660 ~0.22) 
LC-MS analysis of 
free metabolites 
Investigate dynamic 13C-
labeling from NaH13CO3 
incorporation  
Bioreactor 
(Test 5) 
4 g/L glucose 
1 g/L YE  
(unlabeled experiments) 
Flushing 
Gas 2 c 
 
Syngas was aerated after glucose 
was depleted. Three gas flow rate 
used (1, 10 and 20 mL/min) 
GC-FID analysis of 
bio-production 
Test cell growth and 
production of carboxylic 
acids and alcohols under 
different flow rates  
Bioreactor 
(Test 6) 
4 g/L U-13C glucose 
1 g/L YE 
 
Flushing 
Gas 2 c 
 
13C-glucose was fed to the 
culture, then un-labelled syngas 
20 ml/min was aerated  
LC-MS analysis of 
free metabolites 
Investigate cells 
dynamic metabolism 
using inverse labeling  
Bioreactor 
(Test 7) 
4 g/L U-13C glucose 
1 g/L YE  
 
Flushing 
Gas 2 c 
 
13C-glucose was fed to the 
culture, then un-labelled syngas 
10 ml/min was aerated 
LC-MS analysis of 
free metabolites 
Investigate cells 
dynamic metabolism 
using inverse labeling  
a. The basal medium as described in the seed preparation section was used for all the culture.  
b. Headspace Gas 1: The serum bottle headspace was pressurized with 75% N2, 20% CO, and 5% H2 (v/v) at 15 psi total pressure.   
c. Aerated Gas 2: The reactor were first flushed with N2 with labelled glucose and then switched to syngas growth mode by flushing a gas mixture containing 60% CO, 37.5% CO2, 
and 12.5% H2 (v/v).  The volumetric gas flow rates were shown in the table.   
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Figure 2.1. Growth of P7 cells in the basal medium containing different combinations of 
yeast extract (YE) and carbon sources (Test 1, Table 2.1). X-axis legends: YE free 
(Fru/Glu): YE-free and 5 g/L glucose or fructose; YE (carbon free): 1 g/L YE without 
carbon source; YE (Fru): 1 g/L YE and 5 g/L fructose; YE (Glu): 1 g/L YE and 5 g/L 
glucose. YE (Glu & syngas): 1 g/L YE, 5 g/L glucose, and 1 g/L NaHCO3 with syngas 
mixture in headspace (gas to liquid ration is 2:1). 
 
Syngas fermentation in bioreactor systems  
 P7 fermentation were performed using Applikon MiniBio reactor systems. The 
bioreactor has 250 mL working volume (37oC and 500 rpm agitation), and culture pH was 
controlled at 6.0 using 1 M NaOH solution. Since continuous flushing of 13CO and 13CO2 
into bioreactors is prohibitive expensive, we designed an inverse dynamic labeling 
approaches to reveal the metabolism of P7 cells under different flow rate. In brief, fully 
labeled 13C-glucose was first used as a carbon source for cell growth. During this stage, N2 
gas was flushed to the vessel and 13C-glucose was the major carbon source for labeling 
intracellular metabolites. The exhausting gas from the vessels was passed through a standard 
MiniBio system condenser then an ice-cold water trap submerged in an ice water bath to trap 
volatile products. The volumetric gas flow rates used for different sets of the bioreactor 
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cultures were shown in Table 2.1. Once glucose was exhausted in bioreactor, culture was 
switched to syngas growth mode by switching flushing gas from N2 to a gas mixture 
containing 50% CO, 37.5% CO2, and 12.5% H2 (v/v) with the same flow rate. After gas 
switching, pH control was stopped to minimize perturbations from NaOH feeding. To track 
dynamics of metabolite labeling of P7 cells, broth sample (~20 mL) were harvested at 0s, 
30min, 5hr, 24hr, 48hr, 65hr, 88hr and 120 hr, respectively. Each sample were placed in 
falcon tubes and immediately cooled to ~0 oC by liquid N2 bath for 10s to stop cell 
metabolism (note: samples need be stirred during liquid N2 bath to avoid being frozen). The 
quenched samples were then centrifuged (8,000 g) at 4°C and biomass pellets were frozen for 
further analysis of free metabolites.  
Determination of kLa of bioreactor 
  Mass transfer coefficient (kLa) of the MiniBio system was determined based on the 
dynamic method using oxygen as the model gas species 23. In brief, nitrogen was sparged 
into the reactor to remove dissolved oxygen (DO) until DO level reached to almost zero; air 
was then sparged into the reactor and the DO level was recorded every minute. The DO 
concentration change and kLa follow the relationship as.  
Eq. 2.1.    
d𝐶
d𝑡
= 𝑘𝐿𝑎(𝐶
∗ − 𝐶) 
where C is the instant DO concentration at time t, C* is the saturated DO concentration. kLa 
can be determined from the slope of the following integrated equation, 23    
Eq. 2.2.    𝑘𝑙𝑎 =⁡−
𝐿𝑛⁡(𝐶∗−𝐶)
𝑡
  
In this work, kLa was determined under three flow rates (1, 10, and 20 mL/min), with other 
operation conditions being the same as the syngas fermentation experiments (37oC, 500 rpm 
agitation, and 250 mL working volume). 
45 
 
Isotopomer analysis  
 Analysis of free metabolites followed a previous protocol 20. Briefly, cell pellet was 
suspended in 1 mL methanol/chloroform solution (7:3 v/v) and shake at 150 rpm at 4 oC. 
Water was added to the cell-solvent mix to extract cell metabolites. The aqueous phase was 
filtered through an Amicon Ultra centrifuge filter (3000 Da; EMD Millipore, Billerica, MA), 
lyophilized, and dissolved in acetonitrile and water (6:4, v/v) solution for LC-MS 
measurement (Agilent Technologies 1200 Series equipped with a SeQuant Zic-pHILIC 
column; LC-MS analysis was performed at Lawrence Berkeley National Laboratory). MS 
distributions of the metabolite were determined based on the ratio of the integrated peak area 
of the chosen isotopomer to the sum of integrated peak areas of all isotopomers.  
 The proteinogenic amino acids was measured by GC-MS followed previous protocol 
24. Cell biomass was hydrolyzed with 6 M HCl at 100°C, air-dried and then derivatized with 
N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide for GC-MS analysis. MS data [M-15]+ 
and [M-57]+ represents entire amino acid, and [M-159]+ or [M-85]+ represents amino acid 
losing carboxyl group. For leucine and isoleucine, their [M-57]+ signal was overlapped by 
other peaks and [M-15]+ was analyzed. All MS data were corrected to remove the noise from 
natural isotopes using published algorithms 25. Labeling fractions (M0, M1, M2...) represent 
MS fragments with 0, 1, 2 labeled carbons. 
Determination of glucose, alcohol and acid productions 
 The broth was filtered through a 0.22- filter and diluted with deionized water. A 
Thermo Scientific Dionex ICS-5000 ion chromatograph (IC) with an electro-chemical 
detector (AgCl electrode) was used to determine glucose concentration. Ethanol, butanol, 
acetic acid, and butyric acid were determined using a Varian 450 gas chromatograph (GC) 
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with an FID detector. A Zebron 1701 column (60m × 0.25mm × 0.25μm) coupled to a 
Zebron guard column (5m × 0.25mm) was used for separation. The details of product 
measurement has been described in our recent papers 8,9. 
2.3. Results and Discussion 
Importance of yeast extract for P7 growth 
 The first task is to examine the necessity of medium nutrients, particularly yeast 
extract (YE), on P7 growth (Test 1, Table 2.1). The information will inform us the influence 
of rich medium on labelling test and metabolic flux quantifications. This is because the 
complex carbon nutrients (i.e., amino acids) in YE can incorporated into biomass, and thus, 
interfere with a quantitative flux analysis. As shown in Figure 2.1, P7 barely grew in YE-free 
medium even carbon sources (glucose (GLU) or fructose (FRU)) were provided. This result 
was similar to previous report that P7 syngas fermentation in YE-free medium experienced a 
very long lag phase (5 days) with minimal cell density achieved over 600 hours26. YE 
addition, even without sugars, improved cell growth significantly (p<0.01, Figure 2.1). Such 
a benefit effect of YE on cell growth indicates that YE can be used in the initial stage of P7 
culture to promote rapid cell growth before implementing syngas fermentation stage. Thus, it 
shortens the syngas fermentation stage and save the gas pumping cost. The cell growth was 
further improved when sugars (glucose or fructose) were provided. However, 
supplementation of syngas in the YE- and sugar-containing medium did not further promote 
cell growth, indicating sugar was the preferred carbon source for P7 cells.  
 To further investigate the role of YE for P7 growth, a glucose- or NaHCO3- labelling 
test were performed. Figure 2.2 shows amino acid labeling results when 13C-glucose (either 
1-13C glucose or 1,2-13C glucose) and NaH13CO3 were used in the medium (Test 2, Table 
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2.1). As shown in Figure 2.2, all amino acids had a significant un-labelled isotopomer, 
indicating that a large portion of those amino acids were not de novo synthesized but rather 
taken from YE. The labelled aspartate and glutamate isotopomers were significant higher 
than other labelled amino acids because of 13C flux through the TCA metabolites (p<0.05, 
Figure 2.3). Figure 2.2 also shows that for all amino acids except methionine, addition of 
syngas CO and H2 into 
13C-glucose culture (either 1-13C glucose or 1,2-13C glucose) did not 
change labeling of those proteinogenic amino acids (Figures 2.2A-2.2J). This observation can 
be interpreted that Clostridium species demonstrate the hierarchy of nutrient utilization (i.e., 
utilize a preferred carbon source in multiple-substrate medium) 27. For methionine, presence 
of CO and H2 resulted in ~10% more labelled methionine molecules (note: oxaloacetate 
(OAA) and 5,10-methyltetrahydrofolate (C1) are its precursors), supporting the fact that CO 
and H2 as electron donors facilitate labeled CO2, which released from NaH
13CO3 during 
acidogenesis phase of syngas fermentation, to enter methyl branch of the Wood-Ljungdahl 
pathway. Collectively, the results in Figure 2.2 indicate that P7 has a relatively weak 
capability for de novo synthesizing several key amino acids although its genome contains 
complete annotations of all amino acid pathways. It is therefore necessary to use rich nutrient 
(e.g., YE) to support biomass growth and reduce P7 fermentation duration. As a result, a 
pathway delineations rather than quantitative flux analysis of the P7 cells were performed in 
this work. 
48 
 
 
Figure 2.2. Labeling of proteinogenic amino acid (not fragmented, [M-57]+ or [M-15]+) after 
P7 growth in 13C- labelled substrate for two days (Test 2, Table 2.1). For all the cultures, 
basal medium added with 1 g/L Na13HCO3 and 1 g/L YE. The different columns represent 
different gas composition in the headspace and the labelled glucose in the medium. 
A: headspace gas (75% N2, 20% CO, and 5% H2 (v/v)) with 1-
13C glucose; 
B: headspace gas (N2) with 1-
13C glucose; 
C: headspace gas (75% N2, 20% CO, and 5% H2 (v/v)) with 1,2-
13C glucose, 
D: headspace gas (N2) with 1,2-
13C glucose. 
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Analysis of functional pathways in P7  
 The central pathways of P7 were delineated via NaH13CO3 and unlabeled CO and H2 
in the serum bottle cultures (Test 3, Table 2.1). The labeling of metabolites in central 
pathways was deduced from isotopomer analysis of proteinogenic amino acid. As shown in 
Figure 2.3, most leucine was found unlabeled, indicating most of its precursor, Acetyl-CoA, 
was almost unlabeled. Furthermore, alanine was mainly labeled in its first position (i.e., the 
loss of carboxyl group of alanine resulted in unlabeled fragment), indicating C2 and C3 
carbons of pyruvate (the precursor of alanine) were mostly unlabeled (Figure 2.3). 
Oxaloacetate (precursor of aspartate) was labeled with one (39%) and two carbons (15%), 
while ketoglutarate (precursor of glutamate) was mainly labeled with one carbon (56%). The 
labeling of pyruvate and oxaloacetate/ketoglutarate confirmed that labeled carbon from 
NaH13CO3 was fixed via pyruvate:ferredoxin oxidoreductase (Ccar_01615) and carboxylase 
(Ccar_18725), while little amount of 13C formed Acetyl-CoA. This observation can be 
interpreted by preferred uptake of CO2 instead of bicarbonate by the Wood-Ljungdahl 
pathway 28,29 (note: autotrophic microbes such as algae can use both bicarbonate and gaseous 
CO2). 
 P7 genome contains an incomplete TCA cycle, missing malate dehydrogenase 
(catalyze malate → oxaloacetate), succinate-CoA ligase, and ketoglutarate dehydrogenase. 
In serum bottle cultures with NaH13CO3, Figure 2.4 shows lack of labeling in malate and 
succinate. A weak TCA cycle is common for anaerobic bacteria. Interestingly, P7 genome 
lacks Si-citrate synthase, the starting point of the TCA cycle. However, manual search of Re-
citrate synthase indicates a gene 2-isopropylmalate synthase (Ccar_06155) identical to the 
reported Re-citrate synthase (amino acid sequence similarity ~79%). This alternative citrate 
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synthase gene was confirmed by labeling data (Figure 2.3): α-carboxyl group of glutamate 
was unlabeled concurrently with carboxyl group of pyruvate 30. Such labeling signature 
highlights the existence of Re-citrate synthase that causes 13C atom transitions to β-carboxyl 
group of glutamate (Figure 2.3).  
 
Figure 2.3. Major metabolic pathways (the Wood Ljungdahl pathway, the TCA cycle, the 
pyruvate metabolism) and carbon transition identified in P7 strain. The cells were grown in 
basal medium containing Na13HCO3 with syngas (Test 3, Table 2.1). Cells were harvested at 
day 6 and subjected to proteinogenic amino acids labelling analysis. Re-citrate synthase 
(marked as brown), pyruvate carboxylase (marked as blue), fumarate hydratase (Marked as 
green), and malate dehydrogenase (marked as red, malate → pyruvate + CO2) were 
annotated as the key enzymes for the TCA pathway. Embden–Meyerhof–Parnas pathway 
(EMP); phosphoenolpyruvate (PEP); ribulose 5-phosphate (Ru5P). 
 
In some anaerobic bacteria, citramalate synthase often co-exists with Re-citrate synthase to 
involve atypical isoleucine synthesis from acetyl-CoA 31. However, BLAST search showed 
no gene candidate for citramalate synthase and P7 contained a normal threonine dependent 
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isoleucine pathway. This view is supported by isotopic tracing that showed isoleucine was 
from oxaloacetate and had different labeling patterns from acetyl-CoA derived leucine 32 
(Figure 2.3). 
P7 growth and bio-production during syngas fermentation 
 In a typical syngas fermentation process, CO, CO2, and H2 must move across the gas-
liquid interface and be accessible to microbe cells. Once absorbed, the substrates must be 
converted into the desired products (such as ethanol) using an efficient metabolic pathway. 
During “substrate (CO, CO2, and H2) → product (ethanol)” conversion process, a series of 
sequential transport phenomena occurred, including physical bulk gas-to-liquid mass transfer, 
the substrate moving across the cell membrane, and enzymatic conversion of the substrate 
molecules into various metabolites. In general, syngas fermentation is operated in one of two 
regimes, a gas-liquid mass transfer limitation or a kinetics/metabolism limitation, depending 
on the bioreactor operational conditions and the cell intrinsic characteristics. Here, syngas 
fermentation was performed under three gas flow rate scenarios to determine whether the 
cells are in a mass transfer limitation regime or metabolism regime (Test 5, Table 2.1). Using 
oxygen as the model gas species, mass transfer coefficient (kLa) of the bioreactor under the 
three gas flow rates were determined as 9.86 hr-1 (20 mL/min); 6.29 hr-1 (10 mL/min), and 
0.86 hr-1 (1 mL/min). As shown in Figure 2.5, glucose was first used as a substrate to grow 
biomass in a YE-containing medium; the cell growth increased rapidly within the first 12 
hours. After glucose was exhausted, the cells ceased growth and the culture was switched to 
syngas flushing mode. The culture experienced ~24 h lag phase for adapting new substrates 
(syngas). During this stage, cell acidogenesis ceased and culture pH maintained at around 
6.0. After lag phase, the culture resumed its growth and entered acidogenesis phase. This 
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triggers pH drops to ~5.5 and consequently solventogenesis to produce butanol and ethanol 
(Figure 2.5). This growth pattern was also reported elsewhere 33.  
 Table 2.2 summarizes the production of extracellular metabolites from 120h-syngas 
fermentation. The culture with 1 mL/min flow rate accumulated more acid which resulted in 
lower pH (Figure 2.5). The flow rate of 10 mL/min increased alcohol ratios in the final 
products, but the titers of total final products (i.e. the sum of ethanol, acetic acid, butanol and 
butyric acid) were not differed. This observation indicates carbon fixation fluxes were not 
enhanced by higher flowrate syngas. On the other hand, CO was a major component (60%) 
in the syngas. CO was also a main energy source (NAD(P)H/ATPs) due to its inhibitory to 
hydrogenase. High flow rate facilitated CO oxidation to generate cofactors for alcohol 
synthesis 34, while low flow rate (1 mL/min) acetic acid and C4 (butyric acid) production, 
this was probably due to that high acetic acid inhibits its synthesis pathway, thereby 
redirecting Acetyl-CoA towards longer carbon chain (i.e., C4) pathway35. When flowrate was 
further increased to 20 mL/min, neither alcohol or acetate productions was improved at the 
end of fermentation. Collectively, P7 energy metabolism was clearly under mass transfer 
limitation regime when gas flowrate was around 1 mL/min. If the gas flowrate was raised 
above 10 mL/min, cell productivity was mainly limited by the intrinsic metabolic capability.  
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Table 2.2. Accumulation of carboxylic acids and alcohols during P7 syngas fermentation 
under different flow rates (Test 5, Table 2.1). 
  Metabolites (alcohols and carboxylic acids) production 
Gas flow rate Sampling 
time 
Acetic acid 
(g/L) 
Butyric 
acid (g/L) 
Ethanol 
(g/L) 
Butanol 
(g/L) 
Total 
(g/L) 
1 mL/min 14~16 hr 1.25±0.04 0.26±0.00 0.73±0.03 0.07±0.00 2.31±0.05 
39~42 hr 3.60±0.59 0.56±0.14 0.29±0.21 0.05±0.03 4.50±0.64 
83~88 hr 3.76±0.26 0.89±0.20 0.47±0.31 0.18±0.11 5.30±0.46 
111~120 hr 3.39±0.81 1.02±0.08 0.57±0.38 0.30±0.20 5.28±0.92 
10 mL/min 14~16 hr 0.85±0.01 0.06±0.01 0.66±0.04 0.01±0.00 1.58±0.04 
39~42 hr 1.57±0.21 0.05±0.04 0.68±0.02 0.02±0.01 2.32±0.21 
83~88 hr 2.42±0.26 0.26±0.18 2.17±0.08 0.32±0.01 5.17±0.33 
111~120 hr 1.57±0.03 0.21±0.03 3.12±0.41 0.68±0.21 5.58±0.46 
20 mL/min 14~16 hr 0.83±0.02 0.07±0.06 0.57±0.02 0.01±0.00 1.48±0.07 
39~42 hr 2.03±0.37 0.08±0.06 0.70±0.13 0.02±0.01 2.83±0.40 
83~88 hr 1.88±0.78 0.26±0.11 2.57±1.10 0.34±0.04 5.05±1.35 
111~120 hr 1.84±0.08 0.37±0.09 2.57±0.09 0.43±0.18 5.21±0.23 
Data are presented as mean ± SD of two duplicates  
 
P7 metabolism during syngas fermentation under different gas flow rates 
 An inverse dynamic 13C-labelling experiment was conducted in P7 syngas 
fermentation to delineate the dynamic metabolism of free metabolites and proteinogenic 
amino acids (Tests 6 & 7, Table 2.1). In this inverse labelling test, labelled glucose was used 
for the initial culture to label the cell metabolites. Upon glucose depletion, un-labelled syngas 
was used for the cell culture to dilute the labeled metabolites and determine the speed of 
syngas carbons percolating metabolic network. Figure 2.6 shows the relative abundance of 
labelled and un-labelled key metabolites of P7 cells in inverse dynamic labelling tests. After 
the cultures were switched to unlabeled syngas (flowrate=10 or 20 mL/min), 13C acetyl-CoA 
decreased without lag phase (Figure 2.6A). However, other central metabolites such as free 
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alanine (Figure 2.6B) had longer lag phase before the unlabeled compound accumulated. The 
continued change of unlabeled-acetyl-CoA confirmed that the Wood-Ljungdahl pathway has 
fast responses to gaseous substrates. However, carbons are trapped in acetyl-coA node and 
require much longer time for cell re-organize its fluxes percolating through downstream 
pathways. After a lag phase, the fixed carbons in acetyl-CoA began actively synthesizing 
downstream metabolites. Doubling flowrate from 10 to 20 mL/min did not cause significant 
difference in acetyl-CoA labeling rates (improve from 0.024 h-1 to 0.030 h-1, P value > 0.05), 
indicating cells were in a metabolism limitation regime at the flowrate above 10 mL/min. 
Figure 2.6 shows that TCA metabolites and free amino acids (alanine, citrate, glutamate and 
aspartate) became unlabeled-dominated (M0>50%) with the progression of syngas 
fermentation, supporting Figure 2.3 that unlabeled CO/CO2 flew from acetyl-CoA → 
pyruvate (precursor of alanine) → oxaloacetate (precursor of aspartate) → citrate → 
ketoglutarate → glutamate. The low conversion from labeled to unlabeled malate (Figure 
2.6E) supports that P7 operates an incomplete TCA cycle.  
Figure 2.6 shows that the labeling rates of sugar phosphate metabolites such as glucose 
6-phosphate (G6P), glycerate-3-P (G3P), and ribulose 5-phosphate (Ru5P) were slower than 
labeling of TCA metabolites, with an appreciable amount labelled compounds remaining 
through entire fermentation period. This result indicates thermodynamic barriers blocking 
fluxes from pyruvate towards gluconeogenesis and non-oxidative pentose phosphate (PP) 
pathways. Figure 2.6 demonstrates a faster synthesis of key metabolites (e.g., glutamate and 
malate) in central metabolism in bioreactor culture than that in serum bottle culture (Figure 
2.4), possibly due to the enhanced the mass transfer efficiency and better bioavailability of 
syngas substrates. Moreover, the increase of the un-labelled proteinogenic amino acid 
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proportion after un-labelled syngas flushing for 105h was also determined. As shown in 
Figure 2.7, all amino acid species demonstrated low increment of its un-labelled fractions. 
For example, serine, alanine, and aspartate had 20~35% increment of un-labelled fractions. 
This observation indicates that syngas carbons were minimally used for anabolism and thus 
P7 protein (Figure 2.7) had very slow turnover rates even at high flowrate syngas.  
 
Figure 2.4. Dynamic labeling of key metabolites under serum bottle condition (Test 4, Table 
2.1). Na13HCO3 was pulsed with headspace syngas at t=0. Dynamic labeling samples were 
harvested at 1min, 10min, 30min, 1hr, 2hr, 5hr, 18hr and 47hr and then subjected to free 
metabolites labelling analysis. 
 
Overall, the inverse dynamic labelling test of P7 cells indicates that increasing flow rate 
from 10 to 20 mL/min did not significantly (P value > 0.05) increase the production of free 
metabolites and proteinogenic amino acids (Figures 2.6 & 2.7). The results, together with the 
cell growth performance in Figure 2.5, demonstrate that the P7 strain was not limited by 
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mass transfer under this flow rate range (10-20 mL/min); instead, P7 intrinsic metabolic 
capability limited substrate utilization and bio-production. 
 
Figure 2.5. Cell growth and medium pH changes during syngas fermentation of P7 strain 
under different gas flow rates (Test 5, Table 2.1). P7 cells were grown in medium containing 
unlabeled glucose as a carbon source with flushed by N2 gas at three flow rates (1, 10 and 20 
mL/min). When the glucose was depleted, unlabeled syngas mixture was aerated into reactor. 
Red line represents the time point switching to the syngas. Data are means of three replicates 
and the error bars represent the standard deviations. 
 
In contrast to photoautotrophic metabolism cyanobacteria whose CO2 fixation rate and 
flux through central pathways are in the order of minutes 36, P7 metabolic conversion rate (in 
the order of hours) is much slower under syngas conditions: the Wood-Ljungdahl pathway, 
right branch of TCA cycle, and pyruvate synthesis showed relatively fast rates, while other 
biosynthesis pathways have low fluxes even under high flowrate syngas.  
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Figure 2.6. Relative abundance of labeled and un-labelled key metabolites of P7 cell in 
inverse dynamic labeling tests (Tests 6 & 7, Table 2.1). 13C-glucose was used for the culture 
in the first 12 h when N2 gas was aerated into the reactor, unlabeled syngas was aerated when 
13C-glucose was depleted. Two flow rates were used (low flowrate=10mL/min; high 
flowrate=20mL/min). Data were means of three replicates and error bars represent standard 
deviations. Legends: : M0 labeling under low flowrate; : M0 labeling under high 
flowrate,  13C enrichment under low flowrate;  13C enrichment under high flowrate.  
Solid line: data from high flow rate samples; dash line: data from low flow rate samples. 
Note: The Wood-Ljungdahl pathway mainly turnover the acetyl group of acetyl-CoA. Thus, 
the labeling of acetyl group was also estimated in Fig 6A: 13C enrichment in the acetyl group 
under high () and low () flowrates. kLF and kHL are rate coefficients calculated by 
simulation for acetyl group labeling under low flowrate and high flowrate, respectively. 95% 
confidence interval was shown in parentheses. 
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Figure 2.7. Enrichment of the un-labelled proteinogenic amino acids in the inverse dynamic 
labelling syngas fermentation. Two gas flow rates were used (Test 6 & 7, Table 2.1). Cells 
were inoculated with 13C-glucose and grew until glucose used up, then unlabeled syngas was 
aerated. Enrichment was defined as the difference between the un-labelled amino acids at 
beginning of unlabeled syngas aeration (0 hr) and the end of the fermentation (105 hr). Error 
bars represent the standard deviation of duplicated experimental data. 
 
Interestingly, fermentation with low flowrate (1mL/min) had total 5.3g/L extracellular 
products (sum of acids and alcohols) that were not lower than the total products from the 
fermentations under higher flow rate. On the other hand, high flowrate fermentation did 
increase alcohol ratio in the total products (from ~15% to > 60%, Table 2.2). Since 
solventogenesis consumes significantly more NAD(P)H than acidogenic metabolism, high 
syngas mass transfer is necessary for cell membrane to obtain electrons from H2 and CO for 
alcohol production and biosynthesis 37. This leads to conclusion that the energy metabolism 
rather than carbon metabolism was more influenced by mass transfer limitations in our 
experiments. 
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2.4. Conclusion 
This study is first to elucidate metabolic pathways and mass transfer under syngas 
fermentation conditions via 13C labeling using P7 cells as model strain. The outcomes offer 
novel insights. First, complex nutrients (such as yeast extract) are essential for P7 cell 
growth. Also, the presence of organic carbon (such as sugars) repress syngas utilizations by 
P7 strain. Second, P7 cells can utilize CO2 through the Wood-Ljungdahl pathway38, 
pyruvate:ferredoxin oxidoreductase, and anaplerotic pathways. Third, P7 strain contains a 
novel Re-citrate synthase (Ccar_06155). Fourth, only a few pathways in P7 cells are highly 
active under syngas metabolism with minimal fluxes through protein synthesis. Fifth, 
bioreactor tests inferred that mass transfer strongly influences energy metabolism (syngas 
oxidation), which benefits alcohol production and reduces acid production. Sixth, the Wood-
Ljungdahl pathway can quickly take C1 substrates after culture switching from glucose 
medium to syngas conditions, but downstream pathways require much longer time for flux 
adjustment. In summary, this study bridges the gap between cell metabolisms and bioprocess 
conditions, which offers broad impact on gas fermentation applications. 
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CHAPTER 3. EXPERIMENTAL ANALYSIS, METABOLIC MODELING, AND 
MACHINE LEARNING OF CLOSTRIDIUM FERMENTATIONS UNDER 
DIFFERENT SYNGAS COMPOSITIONS 
 
A. Sathish, N. Wan, T. Oyentunde, Z. Wen, and Y.J. Tang 
A manuscript to be submitted to [need journal name] 
 
Abstract 
 This study investigated fermentations of Clostridium carboxidivorans P7 under various 
syngas compositions and flowrates, leading to observations: (1) the lack of either CO or CO2 
in syngas resulted in impaired fermentation performance; (2) high H2 content improved alcohol 
productions and carbon assimilation efficiency; (3) late cultivation stage observed acetate 
consumption and C4 (butyrate and butanol) accumulations; (4) high flowrate could not 
promote acetate/butyrate production, but favored alcohol synthesis; and (5) a typical five-day 
fermentation (CO 20%, CO2 15%, H2 25%, N2 40%) produced 1.8g/L acetate, 0.6g/L butyrate, 
3.7g/L ethanol, ~1.9 g/L butanol with total syngas carbon assimilation of 2.8%.  Based on 
experimental results, three models approaches (flux balance analysis, kinetic modeling of 
biomass and product dynamics, and machine learning) are used to describe syngas 
fermentation performance, where the machine learning approach (neural network with 173 
experimental points) obtained quantitative good fits of fermentations under complex influential 
factors. 
3.1. Introduction 
 As global energy demand increases, the need for renewable fuels has become 
important. Research has focused on second generation biofuels/chemicals produced through 
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the conversion of lignocellulosic biomass (Daniell et al., 2012; Latif et al., 2014; Munasinghe 
and Khanal, 2010). One approach of converting lignocellulosic biomass to biofuels is to 
utilize a pretreatment process to separate lignin from hemicellulose and cellulose followed by 
a hydrolysis step to break down cellulose into glucose and xylose. These C5 and C6 sugars 
can be used by microbes to generate ethanol (Daniell et al., 2012; Kennes et al., 2016; 
Munasinghe and Khanal, 2010). Costs associated with this process have been prohibitive at a 
large scale. In addition, the lignin fraction of biomass is not utilized, as it cannot be readily 
degraded by microbes (Henstra et al., 2007; Munasinghe and Khanal, 2010). An alternative 
approach to produce fuels and chemicals from lignocellulosic biomass is via a 
thermochemical pathway. In this process, the biomass is subject to high temperatures at 
elevated pressure with limited oxygen to decompose the organic material to synthesis gas 
(syngas), which mainly composed of carbon monoxide (CO), carbon dioxide (CO2), and 
hydrogen (H2) (Wang et al., 2008). This gas mixture can be utilized in a number of ways 
including direct combustion, upgrading to a mixture of liquid hydrocarbons through the 
Fischer-Tropsch process, or fermentation by microbes to liquid biofuels and bio-chemicals 
though syngas fermentation (Liew et al., 2016; Vega et al., 1989; Wang et al., 2008). Among 
these approaches, microbial fermentation has low capital/environmental costs and high 
economical returns.   
 Several hurdles exist in syngas fermentation to produce fuels and chemicals. For 
example,  low gas-to-liquid mass transfer rate resulted from low solubility of CO and H2 
often leads to low biomass and product concentration (Munasinghe and Khanal, 2012; Orgill 
et al., 2013; Shen et al., 2014a). Evaluation of mass transfer limitation and its effect on 
internal metabolism has been studied previously using 13C labeled carbon substrates (Wan et 
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al., 2017). Various bioreactors have been evaluated to increase mass transfer efficiency and 
products productivity (Lee et al., 2012; Orgill et al., 2013; Shen et al., 2017, 2014a, 2014b). 
Another issue influencing syngas fermentation efficiency is the variability of the syngas 
compositions. Syngas resources can be from gasification of biomass, coal and steam methane 
reforming. The chemical composition of the resultant syngas can be significantly different 
(Beneroso et al., 2015). Syngas from diverse feedstock lead to different levels syngas 
fermentation efficiency (Heiskanen et al., 2007; Hurst and Lewis, 2010).  For example, high 
concentrations of CO can inhibit hydrogenase activity and the yield of the end products 
(Hurst and Lewis, 2010; Terrill et al., 2012; Yasin et al., 2015). Higher H2 supply provides 
extra NAD(P)H for the bacteria and promotes cellular reductive pathways (Wan et al., 2017). 
These results show that the gas composition is critical in regulating physiological 
characteristics of the strains and their biosynthesis of end products.  
 Previous studies on the effects of gas composition on fermentation performance has 
been focused on single gas species effect (Hurst and Lewis, 2010; Skidmore et al., 2013) or a 
gas mass transfer perspective (Chen et al., 2015; Mohammadi et al., 2014; Xu and Lewis, 
2012). However, the synergistic effect of multiple syngas components on cell growth and 
products accumulation has been rarely reported. Modelling simulation of complex syngas 
fermentation variables is also lacking. The aim of this study is to investigate the influence of 
multiple syngas compositions at different gas flow rates on fermentation performance from 
both experimental and modeling perspectives. We are particularly interested in a non-ABE 
fermentation species (Clostridium carboxidivorans P7) for its innate synthesis of carboxylic 
acids (acetic acid and butyric acid) and alcohols (ethanol and butanol). Moreover, we tested 
modeling approaches that may simulate syngas fermentation performance: (1) a genome-
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scale flux balance analysis (FBA) model predicting maximal C2/C4 metabolites production 
(Orth et al., 2010); (2) a kinetic model describing cell growth and extracellular metabolite 
formation (Almquist et al., 2014; He et al., 2015); and (3) a machine learning model 
investigating the fermentation dynamics. Modeling outcomes can offer guidelines and new 
insights into optimal gas-to-liquid bioconversions (Pappu and Gummadi, 2016). 
3.2. Materials and Methods 
3.2.1. Strain, medium, and seed cultures 
 Clostridium carboxidivorans P7 (ATCC-BAA624) was used in this study. Seed 
culture procedures follow a previous report (Ahmed, 2006). To prepare seed cultures, the 
strain was grown in anaerobic serum vials using P7 medium containing (per liter) 1 g yeast 
extract, 5 g MES (4-morpholineethanesulfonic acid), 30 mL mineral stock solution, 10 mL 
trace metal solution, and 1 mL resazurin sodium (1 wt%). The P7 medium was autoclaved 
for 20 mins. Then vitamin stock solution (10 mL/L) and a 4% cysteine-sulfide reducing agent 
(10 mL/L) were added through a 0.20-micron filter under anaerobic conditions. The 
headspace of seed culture was filled with CO gas.  
3.2.2. Syngas fermentation in bioreactor cultures 
 The seed culture was inoculated into an Applikon Mini Bioreactor (10% inoculation 
ratio). The P7 medium in reactor contained 4 g/L of glucose to shorten syngas fermentation 
duration (Wan et al., 2017). Reactors were maintained at 37oC with 500 rpm agitation. In the 
initial glucose-based growth stage, nitrogen gas was sparged into the vessel at 20 ml/min 
through a micro bubbler and the medium pH was controlled at 6.0 using 1 M NaOH. Once 
glucose in the medium was exhausted in 24 hours, the vessel was switched to syngas pulse 
and the pH control was shut off. Syngas composition and gas flow rate varied based on the 
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experimental conditions described in Table 3.1. Artificial syngas was provided from gas 
cylinders and a system of Alicat mass flow controllers was used to mix different gas species 
at the proper ratios. The mixed syngas stream was scrubbed of oxygen using an Altech (Big 
Oxygen Trap) and filtered prior to being sparged into the bioreactor.  To avoid the loss of the 
vaporized alcohols in the exhaust gas, in addition to a built-in Applikon Bioreactor 
condenser, the exhaust gas flowed through a cold trap placed in an ice bath to condense 
additional alcohol vapors. The captured alcohols were accounted for the total alcohol 
productions.  
 
Table 3.1. Gas compositions used in syngas fermentation of C. carboxidivorans P7 a, b 
Gas composition N2 (%) CO (%) CO2 (%) H2 (%) 
#1 60 20 15 5 
#2 60 0 15 25 
#3 60 40 0 0 
#4 40 20 15 25 
#5 20 20 35 25 
#6 20 40 15 25 
a Gas flow rate was controlled at 20 ml/min 
b Gas composition was based on volume percentage 
 
3.2.2. Analyses of cell growth and syngas fermentation products 
 Growth of P7 strain was monitored by measuring optical density of the culture OD660 
using a Thermo Fisher Scientific Spectronic 20 Genesys spectrophotometer. Syngas 
fermentation products (acetate, butyrate, ethanol and butanol) were determined using a 
Varian 450 gas chromatography (GC) system equipped with a split/splitless injector and 
flame ionized detector (FID). The compounds were separated using a (60 m x 0.25 mm ID x 
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0.25 μm) Phenomenex Zebron ZB-1701 column with a 5 m Zebron Z-guard column. 
Conditions and parameters are as follows: inlet temperature was held at 250oC with an 
injection volume of 0.5 uL with a 1:20 split ratio. Oven temperature profile was set as 
follows: 30oC for 16 min and increased to 75 oC at 20 oC/min and hold for 5 min followed by 
another ramp to 250 oC at 30 oC/min and held for 1 min. Helium was used as carrier gas. The 
pressure of the gas was maintained at 10 psi for 16 min and increased to 20 psi at 5 psi/min 
for 12 minutes. The temperature of FID was set at 280 oC. The compounds were quantified 
by comparing peak areas of the samples to those of known standards. Varian Galaxie Ver. 
1.9 software was used to process the data.  
3.3. Results and Discussion 
3.3.1. Effects of syngas composition on bacterial growth 
 Syngas fermentation was initiated at the exhaustion of glucose when cell density 
(OD660) reached 1.06 ±0.19. Gas compositions had a significant impact on the cell growth 
(Table 3.2).  
 
Table 3.2. Cell growth at different syngas compositions. a  
Gas 
composition 
Cell density (OD660) Days when the 
maximum OD 
was achieved 
Maximum OD 
increase compared 
to initial OD 
Mid-culture stage 
OD b 
Maximum OD 
# 1 1.17 ±0.17 1.55 ±0.20  4.03 46% 
# 2 0.52 ±0.05 1.06 ±0.20  No growth No increase 
# 3 0.76 ±0.06 1.06 ±0.06  No growth No increase 
# 4 1.41 ±0.07 1.75 ±0.07  4.90 65% 
# 5 1.34 ±0.08 1.54 ±0.07  5.75 45% 
# 6 1.28 ±0.09 1.41 ±0.29  3.25 33% 
a Syngas flow rate was set at 20 mL/min; the initial cell density (at the start of syngas 
fermentation stage when glucose was exhausted): OD=1.06 ±0.186.  
70 
 
b the mid-culture stage was after 2-3 days in syngas fermentation stage 
 
Composition #1 is commonly used in previous studies (Kundiyana et al., 2010; Shen et al., 
2014a; Ukpong et al., 2012) and served as a baseline in this study. This gas composition 
showed 46% increase in cell density with a maximum density (OD660) of 1.55 ±0.20. In 
previous work, a cell density (OD660) of 0.7 was reported with the same syngas composition 
(Ukpong et al., 2012),  probably due to a lower syngas flow rate used in previous work 
(Ukpong et al., 2012). Compositions #2 and #3 led to OD reduction after the culture was 
switched to syngas-stage. OD resumed in a later stage. The poor growths were attributed to 
insufficient carbon or energy supplies. For example, composition #2 lacked CO, creating 
redox imbalance as CO is a preferred energy source in syngas fermentation (Henstra et al., 
2007; John Phillips et al., 2017). Composition #3 contained CO as sole energy and carbon 
source, but may not have enough CO2 to support biosynthesis as P7 contains several CO2 
fixation pathways (e.g., Wood Ljungdahl pathway and anaplerotic reactions) (Wan et al., 
2017).  Table 3.2 also shows that Compositions #4-6 supported cell growth with 65%, 45% 
and 33% increase in cell density, respectively, probably due to the high H2 content relative to 
Composition #1. Besides, Composition #6 with excessive CO content did not promote cell 
growth comparing to Composition #4, because presence of high  H2 content may alleviate 
cellular CO utilization (Purec et al., 1962; Terrill et al., 2012).  
3.3.2. Effects of syngas composition on product distributions and dynamics 
 P7 fermentation products highly depended on syngas compositions. Figure 3.1 
illustrates a typical profile of metabolite accumulation in Composition #4.  As shown in the 
figure, a small amount of acetate and ethanol (<0.5 g/L) was produced during the glucose 
stage. When the culture was switched to syngas stage, a brief lag phase (~7 hours) occurred. 
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The culture entered the acidogenic phase and culture pH decreased. 24 hours later, culture pH 
started to increase and alcohols were accumulated. During this solventogenic phase, acetic 
acid was re-assimilated and converted to ethanol. Besides, C4 compounds (butyric acid and 
butanol) started to produce when acetate production peaked, indicating buildup of acetic acid 
and/or the low pH may trigger C4 product synthesis (Ukpong et al., 2012; Ramió-Pujol et al., 
2015; Fernández-Naveira et al., 2017; Phillips et al., 2015; Zhang et al., 2016).  
 
 
Figure 3.1. Time course of metabolites (ethanol, acetic acid, butanol, and butyric acid) 
productions in syngas fermentation under gas composition #4 (Table 3.1). Data are means of 
duplicates and error bars represent one standard deviations. 
 
 Figure 3.2 summarizes the product distributions at mid- and late-stages of syngas 
fermentation. Compositions #4-6 resulted in higher titers of ethanol and acetic acid than 
Composition #1 (Figures 2A and 2B) since high H2 contents in gas compositions (#4-6) 
enhanced cofactor supplies for energy metabolism. Moreover, Figures 2C/2D shows that 
butanol/butyrate production in Composition #4 was better than other conditions. Butanol and 
 
Syngas 
stage 
Glucose 
stage 
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butyrate are desirable commodity chemicals, and the yields of C4 compounds can improve 
the profit margins of P7 fermentation (Bruant et al., 2010; Ukpong et al., 2012). A further 
insight into the C2 and C4 relationship is presented in Figure 3.3. Both Figure 3.2 and 3.3 
indicate that the production of C4 compounds was triggered by accumulation of acetate that 
can push acetyl-CoA pool for C4 compounds synthesis.   
 
Figure 3.2. Metabolite concentrations at mid fermentation (2-3 days) and late stage (5-6 
days) of syngas fermentation under different syngas compositions (20 mL/min flow rate). (A) 
ethanol, (B) acetate, (C) butanol, and (D) butyrate. Gas compositions #2 and #3 were not 
presented due to the poor growth performance 
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Figure 3.3. Correlation between C-2 compounds (acetic acids and ethanol) and C-4 
compounds (butyric acid and butanol) productions during syngas fermentation at different 
gas compositions as shown in Table 3.1. (A) composition #1, (B) composition #4, (C) 
composition #5, and (D) composition #6. 
 
 Acetate formation in the acidogenic phase reduced culture pH, while alcohol 
production in the solventogenic phase increased culture pH. The ratio of ethanol to acetate 
during solventogenic phase was analyzed to provide an insight of acetate to ethanol 
conversion. Figure 3.4 shows that the ethanol to acetate ratio increased during the 
solventogenic stage, indicating the cell metabolism migrated from acid to solvent synthesis. 
Compositions #4-6 with a higher H2 content achieved higher ethanol to acetate ratio than 
Composition #1, indicating H2 can promote conversion of acetate to ethanol. As acidogenic 
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and solventogenic phases were associated to medium pH (Datar et al., 2004; Maddipati et al., 
2011), the rate of pH change (i.e., the slope of pH curve) during syngas fermentation was 
plotted as a function of (CO+ H2) vs. CO2  ratio. This ratio was chosen because CO and H2 
both provide the reducing energy during synthesis of organic acids or solvents (Ramió-Pujol 
et al., 2015). As shown in Figure S1, the rate of pH change was independent on the (CO + 
H2) to CO2 ratio (p = 0.533>0.05) in the acidogenic phase, indicating acid production was not 
influenced by gas compositions. In the solventogenic phase, the change of culture pH was 
increased with the ratio of (CO + H2) vs. CO2 (p<0.05), which indicated that higher H2 and 
CO contents enhanced acetate conversion to ethanol. 
 
Figure 3.4. Ethanol to acetic acid ratio (mass basis) during the solventogenic phase of syngas 
fermentation with different gas compositions (Table 3.1). Gas compositions #2 and #3 were 
not presented due to the poor growth performance. 
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3.3.3. Carbon assimilation efficiency as a function of gas composition and flowrates 
 
 The carbon assimilation efficiency of syngas was analyzed under different gases 
composition. Here, the carbon assimilation was defined as the carbon (mole basis) in the 
metabolites produced (acetic acid, ethanol, butyric acid and butanol) to the total carbon (mole 
basis) in the syngas entering the fermenter. The carbon assimilation represents the culture 
capability to fix CO/CO. Table 3.3 summarizes the carbon assimilation efficiency at different 
gas compositions. Composition #1 resulted in ~1.2% carbon assimilation. Gas compositions 
#4 contained same level of carbon (CO+CO2) but more H2, which raised carbon assimilation 
to ~2.8%.  Among compositions #4-6, it was also found that excessive CO2 or CO in the inlet 
gas decreased carbon assimilation efficiency. Syngas fermentations were further performed at 
a lower flowrate (5 mL/min) with two gas compositions similar to compositions #1 and #5 in 
previous study (Table 3.1).  
 
Table 3.3. Carbon assimilation efficiency of syngas fermentation at different gas 
compositions a. 
Gas Composition Carbon assimilation efficiency 
# 1 1.23 ± 0.26% 
# 4 2.78 ± 0.04% 
# 5 1.48 ± 0.14% 
# 6 0.99 ± 0.35% 
a Gas compositions #2 and #3 were not presented due to the poor growth performance.  
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Table 3.4. Syngas fermentation performance at two gas flow rates a  
Syngas fermentation performance 
Gas flow rate  
20 ml/min 5 ml/min 
Cell density (OD660) 
        Mid culture stage  1.16 1.07 
        Maximum cell density   1.34 1.20 
        Days when the maximum OD was achieved 6.65 4.92 
       % Increase in OD above glucose 46% 26% 
Final Product Concentrations (g/L) 
       Ethanol 3.33 0.82 
       Acetate 1.76 1.88 
       Butanol 0.93 0.48 
       Butyrate 0.41 0.59 
Carbon assimilation  2.78%  3.39% 
a The cell density at the start of syngas fermentation (when glucose was exhausted and the 
culture was switched to syngas) was 1.06 ±0.186. Product concentrations based on 
production during syngas fermentation stage only. The gas composition identical to #5 
(Table 3.1) was used.  
 
When gas composition #1 was used, syngas flowrate at 5 ml/min could not support effective 
cell growth (data not shown). When Composition #5 was used, low flowrate (5 ml/min) 
recovered biomass growth but with lower cell density and alcohol productions (~4-fold less) 
than the 20 ml/min flowrate (Table 3.4). However, the low-flowrate gave same productions 
of acetic/butyric acids as high-flowrate fermentations, but improved carbon assimilation 
efficiency (up to 3.39%).  
3.4. Modelling of Syngas Fermentation at Different Gas Compositions 
 Clostridium syngas fermentation has been studied using different bioreactor 
conditions, resulting wide range of cell productivities. For example, the best titer of 
Clostridium carboxidivorans  P7 fermentation was reported as 5.55g/L ethanol and 2.66 g/L 
butanol when pure CO was used as the only carbon substrate and the fermentation period was 
extended to 10 days (Fernández-Naveira et al., 2016). In another report (Hurst and Lewis, 
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2010), P7 fermentation was inhibited by high concentration CO and there was no butanol 
production.  Since process variations could significantly change product formations, 
modeling approaches are necessary to generalize, compare and predict Clostridium metabolic 
performance under different conditions.  
3.4.1. Flux balance analysis (FBA) 
 Stoichiometry-based FBA could predict theoretical product yields as the function of 
syngas substrates (Milne et al., 2011; Roberts et al., 2010; Senger and Papoutsakis, 2008). 
Using an established model iHN637 (Nagarajan et al., 2013) (containing 785 reactions and 
698 metabolites), the MATLAB solver “linear programming” obtained the maximal acetate 
and alcohol productions as functions of inlet gases. As shown in Figure 3.5, H2 influx was 
sets as 0 mmol/gDW/h (Figures 3.5A, 3.5B, and 3.5C), 0.75 mmol/gDW/h (Figures 3.5D, 
3.5E, and 3.5F), and 5 mmol/gDW/h (Figure 3.5G, 3.5H, and 3.5I). With each fixed H2 
influx, the model plotted the effect of CO2 and CO influxes on biomass (figure column 1), 
acetate (figure column 2) and ethanol (figure column 3) productions. Theoretically, cell 
showed no apparent growth when CO uptake rate was below 1 mmol/gDW/h and H2 uptake 
was below 0.75mmol/gDW/h (Figure 3.5A and D), because carbon utilizations were 
consumed for cell maintenance. Above these thresholds, cell growth rates increased linearly 
with CO2 and CO influxes.  As H2 uptake rate increased from 0 to 5mmol/gDW/h, cell 
growth rates increased from 0.012 h-1 to 0.0211 h-1 (i.e., a doubling time of 33 h). Moreover, 
CO served as both energy and carbon source when H2 uptake was insufficient (Figures 
3.5A~F). Under this case, bio-production was limited by CO utilizations and thus increase of 
CO2 uptake did not benefit product formations. At high H2 uptake rate (Figure 3.5G~I), 
increase of both CO2 (from 0 to 2.5 mmol/gDW/h) and CO (from 0 to 1 mmol/g DW/h) 
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promoted product formations (e.g., the red zones had acetate flux of 2.5mmol/gDW/h and 
ethanol flux of 1.6mmol/gDW/h). The predictions were consistent with experimental data 
during cell active production phase (Figure 3.1). In addition, cell could have effective 
fermentation solely using CO or CO2/H2 mixture. However, CO and H2 have low solubility. 
Therefore, syngas fermentation performance would locate in the blue zones of Figure 3.5 
under gas-liquid mass transfer limitations.  
 
Figure 3.5. FBA model prediction of biomass growth rate, acetate production rate and 
ethanol production rate. H2 uptake rate as 0 mmol/gDW/h (A,B,C), 0.75 mmol/gDW/h 
(D,E,F),  5 mmol/gDW/h (G,H,I), and ranging CO2 uptake rate from 0~10 mmol/gDW/h, CO 
uptake rate from 0~10 mmol/gDW/h. Growth rates, acetate production and ethanol 
production by setting each one as objective function, respectively. 
 
79 
 
3.4.2. Kinetic model simulations 
 The kinetic model was built to evaluate the dynamics of fermentations. The kinetic 
model contained three time-dependent variables: X: cell density, AC: acids (acetic acid + 
butyric acid) concentration, and AL: alcohols (ethanol + butanol) concentration. We assume 
that dissolved gas concentrations are proportional to their partial pressures and mass transfer 
coefficients. The biomass growth equation is:   
 
Eq. 3.1.   
𝑑𝑋
𝑑𝑡
= 𝑘∗ ∗ 𝑝[𝐶𝑂] ∗ 𝑝⁡[𝐶𝑂2] ∗ (𝑝[𝐶𝑂] +
𝑝⁡[𝐻2]
𝑝[𝐶𝑂]+𝐾𝐼
) ∗ 𝑋 − 𝐾𝑑 ∗ 𝑋 
where 𝑝[𝐶𝑂] ∗ 𝑝⁡[𝐶𝑂2] are gas fractions (no unit) that represented the carbon contribution to 
biomass accumulation. In this case, in accordance with experimental data (Composition 2 
&3), the lack of CO and CO2 led to minimal biomass growth. The term (𝑝[𝐶𝑂] +
𝑝⁡[𝐻2]
𝑝[𝐶𝑂]+𝐾𝐼
 ) 
represented contributions of energy molecule NADH from CO and H2 oxidations. 𝑘∗ was 
growth rate constant (hr-1) which is related with mass transfer coefficients. 𝐾𝐼 represented the 
CO inhibition on H2 uptake. Ethanol and butanol production were combined as total alcohol 
production AL that relied mostly on the energy source: 
 
Eq. 3.2.   
𝑑𝐴𝐿
𝑑𝑡
= 𝐵𝑎𝑙𝑐𝑜ℎ𝑜𝑙 ∗ 𝑋 ∗ (𝑝[𝐶𝑂] +
𝑝⁡[𝐻2]
𝑝[𝐶𝑂]+𝐾𝐼
) 
 
Here, 𝐵𝑎𝑙𝑐𝑜ℎ𝑜𝑙 is non-growth associated coefficient. Acetic and butyric acid production were 
combined as total acid production (AC), which was considered as growth-associated. Here  
𝐴𝐴/𝑋 is the growth associated rate coefficient. 𝑘𝑎𝑙𝑐𝑜ℎ𝑜𝑙 described alcohol production from 
organic acids, and AC production rate can be determined as:   
 
Eq 3.3.    
𝑑𝐴𝐶
𝑑𝑡
= 𝐴𝐴/𝑋 ∗ 𝑋 − 𝑘𝑎𝑙𝑐𝑜ℎ𝑜𝑙 ∗ 𝑋 ∗ 𝐴𝐿 
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 The ‘ode45’ command in MATLAB was used to solve the differential equations. 
Figure S2 shows the model simulations with different k* and gas compositions. In general, 
biomass accumulation (Figure S2A) was enhanced by increased CO, H2 and CO2 pressures or 
higher flow rates. Enhancing CO or H2 gas pressures also promoted alcohol production 
(Figure S2B) but at the expense of acid consumption (Figure S2C). In general, predictions of 
product curves qualitatively described the fermentation dynamics. However, the kinetic 
modeling is still difficult to fit time-course experimental data because of underdetermined 
influential variables (such as growth inhibitions) and insufficient experimental data for 
substrate uptakes.    
3.4.3 Machine Learning model  
 Machine learning methods have proved useful in building predictive models for 
processes in which fundamental mechanistic understanding is limited (Pappu and Gummadi, 
2016). A neural network model with one hidden layer was used in this work to study syngas 
fermentation process based on different syngas compositions, flowrates and time series.  In 
this study, 70% of experimental data was used for training the network, 15% was used for 
network validation, 15% was used to test the accuracy of the network. Training data was 
scaled as: 
 
Eq. 3.4.   𝑋𝑁𝑜𝑟𝑚 =
𝑋−𝑋𝑚𝑖𝑛
𝑋𝑚𝑎𝑥−𝑋𝑚𝑖𝑛
  
 
Where 𝑋𝑁𝑜𝑟𝑚 represents normalized value of each variable, 𝑋 is the original value of the 
each variable before normalization. 𝑋𝑚𝑎𝑥 and 𝑋𝑚𝑖𝑛 is the maximum and minimum value of 
each original variable. Thus, all the variables were scaled between 0~1. 1~50 neurons in the 
hidden layer were applied to test the optimal network architecture. Based on experimental 
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data, the model accuracy was evaluated by mean square error. As shown in Figure S3, 27 
neurons in one hidden layer were proved as the best fitted neuron size. Simulation results 
showed that the model fitted the fermentation data well (Figure 3.6). To verify the model 
applicability, previous reported experimental data (Wan et al., 2017) was used and further 
modeling tests (Figure S4) demonstrated same good fitting for new experimental data.  
 
 
Figure 3.6. Comparison of machine learning data fitting with experimental data. 
Experimental data for biomass (OD, green dots), ethanol production (g/L, purple dots), 
acetate production (g/L, black dots), butanol (red dots) and butyric acid (blue dots) and 
model simulation for biomass (OD, green lines), ethanol production (g/L, purple lines), 
acetate production (g/L, black lines), butanol (red lines) and butyric acid (blue lines) was 
compared. Biological error bar was included in the figure. Standard represented the standard 
condition, here k=10 hr-1, CO=0.25, CO2=0.25, H2=0.25. 
 
 Next, sensitivity tests of CO, CO2, H2 gas contents and flow rates were performed 
using the trained neural network model. For comparison, all input factors and output 
responses (i.e., fermentation productions) were scaled in the range of 0~1. Simulation 
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demonstrates that the increase of syngas partial pressures promoted fermentations, while 
excessive CO or CO2 in syngas could limit biomass growth (Figure S5). Interestingly, there 
was an optimal flowrate for alcohol production (see * in Figure S5). This can be explained 
that low flowrates increased mass transport limitation and high flowrates led to the loss of 
alcohol from off-gas. Moreover, acetate and butyric acid production was boosted by CO and 
CO2, but inhibited by excessive H2 and flowrates. The model prediction for butanol was poor 
because of smaller training data size. The trained neural network was also applied on 
previous reports from other research group (Devarapalli et al., 2017). Comparison of model 
prediction and experimental data from previous study was shown in Figure S6. In general, 
the neural network model can capture influential process factors and predict the other study 
efficiently. Prediction from 0~5 days highly in accordance with the experimental data, while 
from 6~8 days, the difference was observed between the experimental data and model 
prediction. The discrepancy of the model prediction can be explained by differences in 
bioreactor system and operations. Adding new inputs and increasing the size of datasets in 
the neural network would improve its accuracy and applicability.  
3.5. Conclusion 
 This study revealed the effect syngas conditions (flowrate and compositions) on P7 
fermentation performances. Moreover, the modeling approaches FBA model predicted 
optimal cell growth and metabolites productions constrained by CO/CO2/H2. Meanwhile, 
kinetic model simulated syngas fermentation dynamics under various mass transfer and 
growth rates. Considering the limitation in mechanistic models, the neural network model 
was used to accurately describe the functional relationship between the input element such as 
CO, CO2, H2, flowrates and time slots and the process response such as ethanol, acetate, 
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butanol, butyric acid and biomass. Both experiments and modeling analysis gave us holistic 
understandings of syngas fermentation and scale-up under complex influential process 
variables.   
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3.7. Supplemental Figures 
 
 
 
Figure S3-1. pH changing rate as a function of ratio of (CO+ H2) to CO2 during the 
acetogenic phase (A) and solventogenic phase (B) of syngas fermentation. 
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Figure S 3-2. Sensitivity test of kinetic model about syngas fermentation performance. Cell 
growth (Figure S2A), alcohol production (Figure S2B), acid production (Figure S2C) was 
predicted under various k value, CO partial pressure, CO2 partial pressure and H2 partial 
pressure. Standard represented the standard condition, which is k=10hr-1 and syngas content 
CO=0.25, CO2=0.25 and H2=0.25. Coefficients 
(Because of lack of information of kinetic parameters, the coefficients in the model are 
chosen for best description of fermentation processes). 
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Figure S 3-3. Mean Square Error of Machine Learning model. 1~50 neurons were used to 
test the accuracy of the machine learning model, mean square error of each size of neurons 
were shown. 
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Figure S 3-4. Comparison of machine learning predictions with previous study experimental 
data (Wan et al. 2017). Experimental data for biomass (OD, green dots), ethanol production 
(g/L, purple dots), acetate production (g/L, black dots), butanol (red dots) and butyric acid 
(blue dots) and model simulation for biomass (OD, green lines), ethanol production (g/L, 
purple lines), acetate production (g/L, black lines), butanol (red lines) and butyric acid (blue 
lines) was compared. Biological error bar was included in the figure. 
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Figure S 3-5. Sensitivity test of machine learning model. Sensitivity test was conducted by 
varying the input CO, CO2, H2 and flow rates based on the well-trained machine learning 
model. The input was scaled in range of 0~1, and the changes of (A) biomass (B) Ethanol (C) 
Acetate (D) Butanol and (E) Butyric acid was shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
93 
 
 
Figure S 3-6. Artificial Neural Network model prediction of previous study. Orange line 
represented the artificial neuron network prediction. Black dots represented the estimated 
experimental data from previous study. 0.4 g/L cell dry weight per OD600 was used in this 
study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
94 
 
CHAPTER 4. A NOVEL BULK-GAS-TO-ATOMIZED LIQUID (BGAL) 
REACTOR FOR ENHANCED MASS TRANSFER EFFICIENCY AND ITS 
APPLICATION IN SYNGAS FERMENTATION 
 
A. Sathish, A. Sharma, P. Gable, R.C. Brown, I. Skiadas, and Z. Wen 
A manuscript being prepared for submission 
 
Abstract 
 Syngas fermentation for producing fuels and chemicals is limited by the low 
efficiency of gas to liquid mass transfer. Enhancement of mass transfer in syngas 
fermentation is traditionally attempted through increasing agitation and/or aeration rate, 
reducing the size of the gas bubbles, or using a biofilm reactor system. In this work, a unique 
Bulk-Gas-to-Atomized-Liquid (BGAL) reactor design was developed to enhance the mass 
transfer efficiency and evaluated for its utility for syngas fermentation. Unlike traditional 
reactor designs, the BGAL dispersed liquid into discrete droplets, which significantly 
increased the gas-to-liquid interface with relatively small volume. Using oxygen as a model 
gas, the BGAL achieved an oxygen transfer rate (OTR) of 569mg/L-min and a mass transfer 
coefficient 2.28 sec-1. Integrating a packed bed into the BGAL vessel reduced the KLa to a 
range of 0.5-0.8 sec-1 but is still significantly higher than other syngas fermentation reactors 
systems. In addition to the high mass transfer rates, the BGAL reactor can be more energy 
efficient in gas to liquid mass transfer. When the BGAL reactor contained a packed bed 
below the liquid dispersing nozzle and was used for syngas fermentation of Clostridium 
carboxidivorans P7, the dispersed liquid droplets were infused with gaseous syngas substrate 
and transferred to the bacterial biofilm for conversion into desired product (ethanol). The 
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ethanol productivity reached up to 746 mg/L/hr with an ethanol/acetic acid molar ratio of 7.6.  
Collectively, the BGAL reactor demonstrated an excellent capability of enhancing mass 
transfer efficiency and its potential application in syngas fermentation for producing fuel and 
chemicals.  
4.1. Introduction  
Producing liquid transportation fuels from lignocellulosic biomass has been 
researched at many scales 1,2. Traditional methods of producing lignocellulosic based liquid 
fuels use a biochemical route, including pretreatment of biomass to break down its 
recalcitrant nature followed by enzymatic hydrolysis of cellulose into reducing or 
fermentable sugars, which can then be fermented into liquid fuels and chemicals. This 
approach, however, has various limitations such as the high cost of the pretreatment and 
cellulosic enzymes, and the unutilized lignin component of the biomass 3,4.  As an alternative 
to the biochemical route, thermochemical processing, such as gasification and pyrolysis are 
effective ways for converting lignocellulosic biomass into fuels.  Gasification can convert 
biomass components into syngas, a mixture of mainly carbon monoxide (CO), carbon 
dioxide (CO2), and hydrogen (H2). The syngas can then be fermented to produce liquid fuels 
and chemicals by anaerobic bacteria known as acetogens. Compared to the biochemical 
route, the gasification-syngas fermentation pathway avoids the use of expensive cellulosic 
enzymes and additionally, the lignin portion of the biomass can be utilized 5,6.  
Currently, the commercial application of syngas fermentation is still facing several 
challenges such as low product yield, high product separation cost, and low gas to liquid 
mass transfer efficiency. Mass transfer in syngas fermentation is particularly challenging due 
to the low solubility of syngas species such as CO and H2, which limits the availability of 
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carbon and energy substrates to the microorganisms, and eventually leads to low yields of 
final products 7.  
Mass transfer in conventional fermentation systems such as stir tank or bubble 
column reactors can be improved through increasing the agitation or aeration rate, however, 
this operation usually results in a significant increase in energy consumption. Mass transfer 
improvements can also be accomplished through the development of new reactor design 
configurations 8,9. Studies have demonstrated that biofilm-based systems can be effective 
systems for syngas fermentation. In these systems the presence of a biofilm can result in a 
more direct contact between biofilm cells and syngas. For example, in trickling filter 
reactors, mass transfer occurs within a packed bed region where the biofilm is located and 
liquid and gas flow, either counter-currently or co-currently, creates turbulent conditions, 
which enhances mass transfer 8–10. In hollow fiber membrane (HMF) reactors, syngas is 
pumped into an inside channel of the membrane tube and diffuses through pores into outer 
biofilm 11. Mass transfer coefficient (KLa) values greater than 0.28 s
-1 have been 
demonstrated in hollow fiber membrane (HFM) reactors11,12. Other biofilm based reactors 
such as monolithic and rotating biofilm reactors also facilitate mass transfer by reducing the 
thickness of the boundary layer of gas-to-liquid mass transfer 13,14.  
In traditional syngas fermentation reactors, syngas is often supplied through a gas 
diffuser, i.e., gas is sparged into the bulk liquid forming discrete bubbles. The bubble size 
significantly affects the mass transfer efficiency. Although micro-diffusers can generate 
smaller bubbles, they also produce stable foam at the gas liquid interface and increase 
required gas pressure. Additionally, the size of the bubble is often difficult to control due to 
the surface tension between the liquid and gaseous phases 6.  Contrary to the traditional 
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bubble aeration approach, mass transfer can also be achieved through atomizing liquid into 
small droplets, which can contact a continuous gaseous phase through a much larger gas-
liquid interface. As a result, gas flux into the liquid phase can be significantly enhanced 15.   
The fundamental hydrodynamics and mass transfer of atomized liquid droplets has 
been studied previously 15,16. In one particular report, a higher mass transfer of oxygen from 
air into droplets of sodium sulfite solution was observed (kLa - 6.99 sec
-1) 17. In addition to 
those fundamental investigations, the concept of atomizing liquid droplets for enhancing gas-
liquid contact has been utilized in some applications such as removing pollutants in coal fired 
power plant exhaust gas, scrubbing carbon dioxide and sulfur dioxide in cement 
processing15,18, and aeration of wastewater for aerobic treatment 19.  
To our knowledge, however, this unique design concept has not been reported in 
syngas fermentation applications. The aim of this research was to apply the concept of 
atomized liquid during syngas fermentation in order to significantly enhance mass transfer 
efficiency. This concept coupled with the use of a packed bed to support an immobilized 
biofilm culture led to the development of an integrated biofilm-based Bulk-Gas-to-Atomized-
Liquid (BGAL) reactor. First, the mass transfer capability of the BGAL reactor was 
quantitatively evaluated. Then, the BGAL reactor was inoculated with the bacterium 
Clostridium carboxidivorans P7 and syngas fermentation was performed in order to evaluate 
the reactor’s efficiency for syngas conversion.  
4.2. Materials and Methods 
4.2.1. BGAL system setup for mass transfer determination  
The mass transfer efficiency of the BGAL system was determined using oxygen as a 
model gas with water being the medium. Figure 4.1 shows a schematic of the BGAL system 
used for determining mass transfer rate and coefficient. The system consisted of a BGAL 
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reactor vessel and a liquid reservoir. The BGAL vessel was custom made from borosilicate 
glass and had cylindrical shape of 485 mm height and 120 mm outer-diameter and was sealed 
with a polypropylene head-plate with two sealing O-rings. The liquid line entering the BGAL 
vessel was connected to a BETE WL type stainless-steel full cone spray (60o) nozzle 
(Greenfield, MA) with a 1.09-mm orifice opening. The BGAL vessel was either an empty 
chamber or contained a bed of randomly packed Biotube PP materials (Warden Plastics 
Luton, Bedfordshire, UK) supported by a perforated bottom tray. The depth of the packed 
bed was 2, 4, or 8 inches. The nozzle was adjusted to either 2- or 4-inch above the bottom 
tray (for empty chamber) or the top of the packed bed. The liquid collected at the bottom of 
the BGAL vessel was pumped out via a peristaltic pump at the same rate as the liquid 
entering the vessel. A dissolved oxygen (DO) probe was placed in-line of the exiting liquid to 
measure the DO of the liquid from the BGAL vessel (Figure 4.1).  
The liquid reservoir as shown in Figure 4.1 was adapted from a New Brunswick Bioflo 
110 fermenter vessel (10 L working volume) equipped with two Rushton impellers (3 inches 
diameter) with 4.5 inches separation on the shaft.  The temperature of the liquid reservoir 
was maintained at 25oC, and the DO of the liquid was monitored through a DO probe.  
4.2.2. Determination of oxygen mass transfer rate and coefficient in BGAL reactor 
 
The BGAL vessel and liquid reservoir (Figure 4.1) were deoxygenated by nitrogen 
gas purging. The deoxygenated liquid in the reservoir was then pumped into the BGAL 
vessel and dispersed via the nozzle. After confirming a near zero level of DO in the liquid 
exiting the BGAL, the gas flow to the BGAL vessel was switched to air (at 5 L·min-1). The 
DO of the BGAL effluent was continuously monitored and recorded every 12 seconds until 
the reading stabilized indicating a steady state condition being achieved. At steady state, the 
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oxygen transfer rate (OTR, mg O2·L
-1·min-1) was determined based on the mass balance of 
oxygen flowing in and out of the BGAL vessel using Equation 4.1.   
 
 
Figure 4.1. BGAL system used for determination of the oxygen transfer rate (OTR) and 
mass transfer coefficient (KLa) 
 
Eq. 4.1.   𝑂𝑇𝑅 =
𝑄(𝐶𝑖𝑛−𝐶𝑜𝑢𝑡)
𝑉
                   
where Q is the flow rate of the liquid being pumped into the BGAL vessels, Cin and Cout are 
the DO concentrations of the liquid entering and exiting the BGAL vessel, respectively, V is 
the volume of the liquid retained in the BGAL vessel.  Based on the OTR, the mass transfer 
coefficient (KLa) of the BGAL system was determined as follows 
20,  
Eq. 4.2.    𝐾𝐿𝑎 =
𝑂𝑇𝑅
∆𝐶𝐿𝑀
=
𝑄(𝐶𝑖𝑛−𝐶𝑜𝑢𝑡)
𝑉×∆𝐶𝐿𝑀
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where ΔCLM term is the logarithmic mean difference between DO concentration and the 
saturated DO (C*) of liquid entering and exiting the BGAL vessel, i.e.,  
Eq. 4.3.    ∆𝐶𝐿𝑀 =
(𝐶∗−𝐶𝑖𝑛)−(𝐶
∗−𝐶𝑜𝑢𝑡)
𝐿𝑛⁡(
𝐶∗−𝐶𝑖𝑛
𝐶∗−𝐶𝑜𝑢𝑡
)
   
The OTR and KLa were measured at four liquid flow rates (397, 510, 624, and 737 
mL·min-1) with two nozzle height settings, i.e., 2 or 4 inch above the bottom tray (for empty 
chamber) or the top of the packed bed. In tests with a packed bed, the depth of the bed was 
set at 2, 4, and 8 inch (Figure 4.1).  
4.2.3. Determination of oxygen mass transfer rate and coefficient in stir tank  reactor  
 
 For comparison purposes, oxygen mass transfer rate and coefficient of the stir tank 
reactor (New Brunswick Bioflo 110 fermenter) were also determined based on the dynamic 
method, i.e, measuring the dissolved oxygen concentration change with time as follows,  
Eq. 4.4.    𝑂𝑇𝑅 =
𝑑𝐶
𝑑𝑡
= 𝐾𝐿𝑎(𝐶
∗ − 𝐶)   
where C is the dissolved oxygen concentration in the stirred tank. Experiments were 
performed at three agitation rates (200, 500 and 1,000 rpm) with the same liquid temperature 
as the BGAL system (25oC). The aeration rate was controlled at 5 L·min-1 with a liquid 
volume of 10 L.  
4.2.4 Syngas fermentation experiments in BGAL reactor 
Microorganism and culture medium 
C. carboxidivorans P7 (ATCC BAA-624) was used as a model microorganism. The 
strain was taken from a stock kept at -80oC at glycerol freezer medium. The preparation of 
seed culture has been described previously21. In brief, 10 mL modified ATCC 1754 PETC 
medium containing 5 g·L-1 glucose in a Balch anaerobic culture tube was inoculated with 1 
mL frozen stock of C. carboxidivorans. The culture tube was incubated at 37oC for 30 hours 
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and then transferred (10% inoculation ratio, v/v) into a 125 mL serum bottle containing 50 
mL of glucose-free ATCC 1754-PETC medium. After 12 hours of incubation, the serum 
bottle culture was transferred to a 1 L bottle with 500 mL of glucose-free medium and 
incubated at 37oC for another 24 hours. The 125 mL and 1 L bottles were pressurized with 
CO (5 psi) and sealed. The 500-mL culture was used as inoculum for the BGAL reactor 
system.  
 BGAL reactor setup for syngas fermentation  
The BGAL system used for mass transfer determination was modified in order to be 
used for syngas fermentation. As shown in Figure 4.2, the BGAL vessel, liquid reservoir, the 
nozzle, and the packing bed Biotube materials were the same as those used for mass transfer 
determination. However, unlike the mass transfer determination set-up, glass wool (Corning 
Tewksbury, MA) was packed with the Biotube materials in the packed bed to enhance the 
microbial cells attachment. Also, the BGAL vessel was connected with the reservoir via two 
Ismatech gear pumps (ISM901B/85715) to recirculate the liquid between the BGAL and 
liquid reservoir. The syngas fermentation was performed using only one configuration with a 
packed bed depth of 4 inch and one nozzle fixed at a height of 4 inch above the bed.  Either 
model syngas (artificial mixture of 12.5% H2, 37.5% CO2, and 50% CO, v/v) or argon gas 
was filtered through a 0.2 micron before entering the BGAL vessel.  The exhaust gas from 
the BGAL vessel was bubbled through an ice trap to condense stripped solvents.  
Prior to inoculation, the BGAL vessel, head-plate, and all tubing were autoclaved 
separately and assembled aseptically. Gear pumps were sterilized by recycling 70% (v/v) 
ethanol through the pump head for 1 hour followed by drying at 80oC and purged with sterile 
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filtered argon. Both the BGAL vessel and liquid reservoir were purged with argon gas to 
secure anaerobic conditions.  
 
 
Figure 4.2. BGAL system used for syngas fermentation of C carboxidivorans P7 strain. (1): 
oxygen traps; (2): exhaust gas condensers at 5oC; (3) Alicat mass flow controllers; (4) cold 
trap at 0oC; and (5) gear pumps. 
 
To start syngas fermentation, the C. carboxidivorans P7 seed culture (500 mL) was 
transferred into the liquid reservoir (4-L working volume) to build sufficient biomass.  
During this stage, ATCC 1754-PETC medium containing 4 g·L-1 glucose was used for 
heterotrophic growth, and residual glucose concentration was monitored. Culture pH was 
controlled at 6.0 with 1 M sodium hydroxide. Temperature was maintained at 37oC.  Argon 
gas was used for flushing the headspace of the reservoir at 200 mL·min-1 and agitation speed 
of the reservoir was 100 rpm. The BGAL vessel during this stage was flushed with argon gas 
with no liquid input.  
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The system was switched to syngas fermentation once glucose in the liquid reservoir 
was exhausted. The liquid from the reservoir was pumped into the BGAL vessel through the 
nozzle at 530 mL·min-1; while the liquid-return gear pump pumped the liquid at the BGAL 
exit back to liquid reservoir at the same flow rate. Two runs were performed with the syngas 
mixture introduced into only the BGAL vessel at two flow rates of 150 mL·min-1 and 40 
mL·min-1 respectively. In any case, the exhaust gas was passing through an ice bath trap to 
recover vaporized products. During this stage, argon gas was flowing through the liquid 
reservoir headspace to maintain anaerobic conditions, pH was monitored but not controlled. 
Liquid samples were taken from the reservoir for analyses of cell density and metabolites 
(ethanol, butanol, acetate, and butyrate). The temperature of the culture was controlled at 
37oC. 
Analyses of cell density and metabolites  
Cell density was monitored using a spectrophotometer at 660 nm. The metabolites 
ethanol, acetic acid, butanol, and butyric acid produced were analyzed with a Varian 450 gas 
chromatograph (GC) equipped with a flame ionized detector. Culture samples were 
centrifuged at 18,000g for 5 minutes to remove any suspended solids. The supernatant was 
then mixed with methanol (0.8 mL sample to 0.2 mL methanol) prior to GC analysis. A 
split/splitless injector was used. Alcohols and organic acids were separated with a 
Phenomenex Zebron ZB-1701 column (60 m×0.25 mm×0.25 μm) and a 5 m Zebron Z-guard 
column with helium as the carrier gas. Sample injection temperature was 250oC and injection 
volume was 0.5ul with split ratio of 1:20. The oven temperature was held at 30oC for 16 
minutes, increased to 75oC at 20oC·min-1, held for 5 minutes, further increased to 250oC at 
30oC·min-1 and held for another 5 minutes. The detector temperature was at 280oC.  The 
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determination of ethanol, acetic acid, butanol, and butyric acid concentrations were based on 
external standard curves. 
4.3. Results and Discussion 
4.3.1. Oxygen mass trasnfer of BGAL reactor 
Oxygen transfer in BGAL with an empty chamber 
As a comparison baseline, the oxygen transfer efficiency of the stirred tank reactor 
(STR) was first determined in this work.  As shown in Figure 4.3, the oxygen transfer rate 
(OTR) and oxygen transfer coefficient (KLa) increased with increasing agitation rate from 
200 to 1,000 rpm. As the levels of agitation (200-1000 rpm) and aeration (0.5 vvm) used in 
this work are typical of STR operating conditions, the KLa values reported are representative 
of commonly reported mass transfer coefficient for STR systems 8,22.   
 
 
Figure 4.3. (A) Oxygen transfer rate (OTR), and (B) oxygen mass transfer coefficient (KLa) 
of the stir tank reactor at different agitation rates.  New Brunswick Bioflo 110 fermenter 
vessel was used with 10-L working volume and aerated with air at 5 L·min-1. 
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The OTR and KLa values of the BGAL empty chamber (without the presence of the 
packed bed) were studied at various conditions. That is different liquid flow rates and 
different nozzle heights in the BGAL vessel. The OTR and KLa values determined with an 
empty BGAL vessel are shown in Figure 4.4. Both OTR and KLa increased with liquid flow 
from 397 to 510 mL·min-1, but leveled off from 510 to 624 mL·min-1. The oxygen transfer 
decreased when liquid flow was further increased to 737 mL·min-1. The reason may be due to 
the increased coalescence of the liquid droplets at higher liquid flow rate. Also the two 
nozzle height settings tested (2 and 4 inch) in an empty BGAL chamber did not cause 
significant changes of the OTR and KLa values (Figure 4.4), thus indicating that the liquid 
droplets achieved maximum mass transfer within the first 2 inches and therefore, further 
increasing the length of the droplet pathway did not significantly increase the oxygen 
transfer. 
 
Figure 4.4. Oxygen transfer efficiency of BGAL vessel (Figure 1) at different circulation 
rates.  (A) oxygen transfer rate (OTR); (B) oxygen mass transfer coefficient (KLa). The 
BGAL vessel was an empty chamber without packed bed. The height of the nozzle to the 
bottom perforated tray of the BGAL vessel were set as 2 inches and 4 inches, respectively. 
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Oxygen transfer in BGAL with packed bed material 
The mass transfer of the BGAL reactor was further evaluated with the inclusion of a 
packed bed within the chamber. Conditions tested were as follows, nozzle height 2 and 4 
inch (above the top of packed bed); liquid flowrate 397, 510, 624 and 737 mL·min-1; and 
packed bed depth 0 (empty chamber), 2, 4 and 8 inch. As shown in Figures 5A and 5B, the 
empty chamber resulted in higher OTR and KLa values than the packed bed; while increasing 
the depth of the packed bed led to a significant reduction of OTR and KLa. During the 
experiment, it was found that the volume of the retained liquid (liquid holdup volume) in the 
BGAL vessel increased with the depth of the packed bed (Figure 4.5C), which might be the 
reason for the reduced OTR and KLa (Equations 1 and 2). This was supported by the data 
indicating that nearly all the gas to liquid mass transfer occurred immediately after the liquid 
exited the nozzle orifice, but prior to reaching the packed bed or other obstruction. This 
region is referred to as the “dispersed liquid” zone. Therefore, adding a packed bed did not 
increase the mass transfer but increased the retained liquid volume; as a result, the OTR 
value (based on per unit of the liquid) decreased with increasing the liquid volume.  
However, the Total OTR (based on the whole BGAL vessel liquid) was almost constant, 
independent of the packed bed depth (Figure 4.5D). 
A further analysis of the Total OTR of the BGAL reactor and the contribution from 
the “dispersed liquid” zone vs the packed bed zone confirmed that the oxygen transfer in the 
BGAL vessel was mainly occurring in the “dispersed liquid” zone (Table 4.1).  This was 
based on directly comparing the Total OTR for identical test conditions, but with and without 
a packed bed. For example, with a 2-inch nozzle height, 2-inch packed bed depth, and a 
flowrate of 391 mL·min-1, 99.6% of Total OTR was attributed to the “dispersed liquid” zone, 
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while only 0.4% of the Total OTR took place inside the packed bed. Although increasing the 
packed bed depth increased the total OTR, the “dispersed liquid” zone still contributed to the 
most of the mass transfer in the BGAL vessel (Table 4.1).  
Figure 4.6 shows OTR, mass transfer rate (KLa), retained liquid volume and Total 
OTR of the BGAL reactor when the nozzle height was increased to 4 inches. The 
relationships of those parameters with the packed bed depth showed similar trends as those 
observed with the 2 inch nozzle height (Figure 4.5).  The contribution of the “dispersed 
liquid” zone with 4 inches nozzle height demonstrated similar trends as those in the 2 inches 
nozzle height (Table 4.1).  
Overall, the above described results demonstrated that the atomized liquid droplet 
concept (in the format of BGAL reactor) could significantly enhance mass transfer rate and 
efficiency. The BGAL vessel achieved oxygen transfer rates (OTR) of up to 569.5 mg 
O2·min
-1·L-1 and mass transfer coefficients (KLa) up to 2.28 sec
-1, much higher than those in 
the stir tank reactors. This was because syngas components transferred to the liquid phase (in 
droplet form) were directly delivered to the biofilm and could be metabolized immediately 
within the volume of the packed bed. As there was no syngas released into the reservoir, the 
bulk liquid volume in the reservoir was not included in these calculations. In comparison to 
the BGAL reactor studied in the present work, significantly lower values of mass transfer 
coefficients have been reported so far for various syngas fermentation systems such as stir 
tank reactors, bubble columns, hollow fiber membrane reactors, and trickling bed reactors. 
For example, KLa values of 0.295 sec
-1 and 0.117 sec-1 for a hollow fiber membrane and a 
trickle bed reactor have been reported, respectively 8. A KLa of 1.0 sec
-1 was documented in a 
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co-current packed bed reactor 23, while KLa values of 0.005-0.24 sec
-1 have been reported for 
bubble columns 6. 
 
 
Figure 4.5. Mass transfer parameter of the BGAL vessel containing packed beds with 
different depth. (A) Oxygen transfer rate (OTR), (B) oxygen mass transfer coefficient (KLa), 
(C) liquid holding volume in BGAL vessel, and (D) the total-OTR of the BGAL vessel.  The 
height of the nozzle to packed bed surface (or the bottom perforated tray in case of the empty 
chamber) was set as 2 inches. 
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Table 4.1. Total OTR of the BGAL vessel with different packed bed settings.  The numbers 
in the parenthesis represent the percentage of Total OTR contributed from the “dispersed 
liquid” zone vs the packed bed zone. 
Liquid flow rate  
 Packed bed depth 
Packed bed 
free 
2 inch 4 inch 8 inch 
Nozzle height (2-inch) 
397 mL·min-1  2.50 ± 0.071 
 
2.51 ± 0.053 
(99.6% vs 0.4%) 
2.64 ± 0.059 
(94.7% vs 5.3%) 
2.86 ± 0.046 
(87.4% vs 12.6%) 
510 mL·min-1 3.30 ± 0.078 3.35 ± 0.060 
(98.5% vs 1.5%) 
3.52 ± 0.058 
(93.8% vs 6.2%) 
3.72 ± 0.054 
(88.7% vs 11.3%) 
624 mL·min-1 4.04 ± 0.025 4.10 ± 0.057 
(98.5% vs 1.5%) 
4.32 ± 0.055 
(93.5% vs 6.5) 
4.50 ± 0.046 
(89.8% vs 10.2%) 
737 mL·min-1 5.11 ± 0.027 5.18± 0.091 
(98.6% vs 1.4%) 
5.27 ± 0.075 
(97.0% vs 3.0%) 
5.43 ± 0.065 
(94.1 vs 5.9%) 
Nozzle height (4-inch) 
397 mL·min-1 2.63 ± 0.109 2.68 ± 0.040 
(98.1% vs 1.9%) 
2.75 ± 0.044 
(95.6% vs 4.4%) 
2.92 ± 0.032 
(90.1% vs 9.9%) 
510 mL·min-1 3.41 ± 0.018 3.51 ± 0.043 
(97.2% vs 2.8%) 
3.60 ± 0.045 
(94.7% vs 5.3%) 
3.73 ± 0.051 
(91.4% vs 8.6%) 
624 mL·min-1 4.16 ± 0.044 4.19 ± 0.064 
(99.3% vs 0.7%) 
4.34 ± 0.082 
(95.9% vs 4.1%) 
4.45 ± 0.197 
(93.5% vs 6.5%) 
737 mL·min-1 5.20 ± 0.037 5.22 ± 0.090 
(99.6% vs 0.4%) 
5.29 ± 0.088 
(98.3% vs 1.7%) 
5.40 ± 0.176 
(96.3% vs 3.6%) 
 
4.3.2. Energy consumption of BGAL reactor 
Energy required for mass transfer is an important factor evaluating the performance 
of the BGAL reactor. For this reason, the energy consumption of the STR and BGAL 
reactors were evaluated at the operational conditions used in this study for the mass transfer 
determination. The STR system was based on the New Brunswick Bioflo 110 fermenter 
system. Assuming that the energy of sparging air into the vessel was negligible, energy 
consumption was mainly from the impeller motor to drive liquid agitation. The power of 
impeller agitation can be estimated as 24 
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Eq. 4.5.    𝑃𝑆𝑇𝑅 = 𝑁𝑝𝜌𝑁
3𝑑𝑖
5 
where PSTR is the power of agitation in STR (Watt, J·s
-1), Np is the dimensionless impeller 
“Power Number” (here the Np value was set as 10 based on previous reports 24,25 ),  is the 
liquid density (1,000 kg·m-3), N is the impeller rotational speed (sec-1); and di is the impeller 
diameter (0.074 m). Values used for N were 200, 500, and 1000 rpm (3.33, 8.33 and 16.67 
sec-1 respectively). The power values of the STR using the three agitation rates are listed in 
Table 4.2.   
For the BGAL reactor, the energy consumption resulted from pumping the liquid 
through the nozzle orifice. The power requirement for pumping can be estimated as 26,  
Eq. 4.6.    𝑃𝐵𝐺𝐴𝐿 =
𝑄𝜌𝑔ℎ
(3.6×103)𝜂
  
where PBGAL is the power of pumping liquid in BGAL (Watt, J·s
-1), Q is the volumetric liquid 
flow rate (m3·hr-1),  is liquid density (1,000 kg·m-3), g is gravitational acceleration (9.81 
m·s-2), h is pressure drop expressed as pump head (m), and  is the pump efficiency 
(assumed to be 100% for the purpose of the present study). The power values calculated at 
different liquid flow rates of the BGAL reactor are also presented in Table 4.2.  
Based on the power and OTR values of the STR and BGAL reactors, the energy 
consumption (E) for mass transfer purpose of these two types of reactors were determined 
according to the following equation:  
Eq. 4.7.    𝐸 =
𝑃×60
(𝑂𝑇𝑅)×𝑉
  
where E is the energy consumed based on each unit of mass (oxygen) transferred (J·mg-1 O2), 
P is the power of either STR or BGAL reactors (Watt, J·s-1), OTR is the oxygen transfer rate 
(mg O2·L
-1·min-1), and V is the liquid volume in either STR (working volume) or BGAL 
(retained volume) vessel (L).  
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Figure 4.6. Mass transfer parameter of the BGAL vessel containing packed beds with 
different depth. (A) Oxygen transfer rate (OTR), (B) oxygen mass transfer coefficient (KLa), 
(C) liquid holding volume in BGAL vessel, and (D) the total-OTR of the BGAL vessel.  The 
height of the nozzle to packed bed surface (or the bottom perforated tray in case of the empty 
chamber) was set as 4 inches. 
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Table 4.2. Summary of power consumption per reactor (P), oxygen transfer rate (OTR), 
liquid volume (V), Total OTR, and energy consumption (E) for oxygen transfer of the stir 
tank reactor and the BGAL reactor a.   
Operational 
conditions 
OTR  
(mg O2·L-
1·min-1) 
V (L) Total OTR  
(mg 
O2·min-1) 
P  
(W, J·s-1) 
E  
(J·mg-1 O2) 
STR (agitation rate)      
200 rpm 1.49 10 14.9 0.85 3.42 
500 rpm 4.21 10 42.1 12.84 18.30 
1,000 rpm  6.04 10 60.4 102.73 102.05 
BGAL (liquid flow rate)  
397 mL·min-1 487.1 0.00542 2.64 0.38 8.63 
510 mL·min-1 569.5 0.00609 3.47 0.79 13.62 
624 mL·min-1 542.4 0.00776 4.21 1.42 20.19 
737 mL·min-1 380.0 0.01376 5.23 2.29 26.32 
a The nozzle height was 4 inches above the BGAL vessel bottom (with empty chamber) or 
the surface of the packed bed.  
 
As shown in Table 4.2, the energy consumption of the STR reactor increased sharply 
with increasing the agitation from 200 to 1,000 rpm, while for the BGAL reactor, the energy 
consumption increased slightly with increasing the liquid flow rate from 397 mL·min-1 to 
737 mL·min-1. As the agitation rate and liquid flow rate used in this study would be used in 
fermentation applications, the energy consumption values reported here are representative for 
these two types of reactors. Table 4.2 shows that except at 200 rpm agitation rate in STR, the 
BGAL had an overall lower energy consumption than that of the STR. It should be noted that 
a STR will most likely be operated at an agitation rate higher than 200 rpm, particularly at a 
later stage of fermentation when the cell density is high. Also as both the STR agitation rate 
and the BGAL liquid flow rate increased, the energy consumption increase in BGAL was 
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significantly smaller than that in the STR.  All these results indicate a superior performance 
of the BGAL in terms of energy savings. 
4.3.3. Application of BGAL reactor to syngas fermentation  
Metabolite production of C. carboxidivorans P7 in BGAL system.   
The BGAL reactor system (Figure 4.2) was further used in a proof of concept syngas 
fermentation experiment to demonstrate its suitability as an efficient reactor for syngas 
fermentation based on high mass transfer rates. As described in the Section 2.4.2, the 
experiment began with the heterotrophic growth of C. carboxidivorans P7 to build up the cell 
biomass. Figure 4.7 illustrates that once the syngas fermentation was started, and the liquid 
recirculation between the reservoir and the BGAL vessel began, the cell density (OD660) in 
the liquid reservoir gradually decreased, indicating a progressive attachment of cells to the 
packed bed material in the BGAL vessel. This attachment ensured that the syngas 
fermentation process took place in the packed bed region above which the dispersed droplet 
zone ensured a high mass transfer efficiency. The attachment of cells was also crucial for the 
successful operation of the BGAL reactor system as it prevented the cells from being 
exposed to high shear stress through the nozzle and also prevented potential blocking of the 
nozzle orifice by the cell debris.  
Figure 4.8 illustrates metabolite production during syngas fermentation under two 
syngas gas flow rates through the BGAL vessel. As shown in Figure 4.8, during both runs the 
culture followed a typical syngas fermentation progression 27. An initial acetogenic phase 
was featured with synthesis of organic acids and pH reduction. A maximum acetic acid 
concentration of 2.34 and 3.39 g·L-1 were achieved for the 150 mL·min-1 and 40 mL·min-1 
gas flow rate, respectively. Production of butyric acid was minimal for both runs. 
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Figure 4.7. Cell density in the liquid reservoir of the BGAL system (Figure 2) during the 
syngas fermentation. Time zero was set as the time when syngas fermentation stage was 
started (i.e., the liquid was circulate to the BGAL vessel and the gas to the BGAL chamber 
was switched to syngas). 
 
The culture pH reached their minimum and the cell metabolism switched to the 
solventogenic phase, where organic acids are assimilated and reduced to alcohols. The 
ethanol concentration increased linearly at this stage (Figure 4.8). Ethanol production 
continued to the end of the culture reaching 4.38 g·L-1 and 3.06 g·L-1 for 150 mL·min-1 and 
40 mL·min-1 gas flow rates, respectively. The ratio of ethanol to acetic acid reached 7.6 at 
both gas flow rate settings, higher than the ratio commonly reported in other syngas 
fermentation studies 11,28–31. This high ratio further indicated that the culture has the 
necessary reducing power (from CO and H2) to drive conversion of acetic acid to ethanol 
7.  
Overall, the data in Figure 4.8 indicate that the BGAL vessel could provide sufficient 
carbon and energy substrates (CO and H2) to support growth and metabolites production of 
C. carboxidivorans P7. As a matter of fact, the low syngas flow  rate (40 mL·min-1) was 
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favorable for ethanol production compared to high syngas flow rate (150 mL·min-1). This 
may be due to the oversupply of CO, which could inhibit the growth of C. carboxidivorans 
P7 cells 23,32. 
 
Figure 4.8. Production of various metabolites during syngas fermentation in the BGAL 
reactor system. Time zero was set as the time when syngas fermentation stage was started 
(i.e., the liquid was circulate to the BGAL vessel and the gas to the BGAL chamber was 
switched to syngas).  (A) gas flow rate was 150 mL·min-1; (B) gas flow rate was 40 mL·min-
1.  Ethanol productivities were calculated as the slope of the ethanol production curve. 
 
 
 
 
Ethanol Slope = 0.216 g/L/d 
(A) 
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Ethanol productivity of the BGAL vessel   
The ethanol productivity of the BGAL reactor was further determined to evaluate the 
syngas fermentation performance achieved by this reactor. Based on the data presented in 
Figure 4.8, the apparent ethanol productivity was calculated as 0.216 and 0.530 mg·L-1·hr-1 
for the syngas flow rates of 150 mL·min-1 and 40 mL·min-1, respectively. However, these 
productivity values were based on the volume of the whole liquid of the system (i.e., liquid in 
the reservoir and the BGAL vessel). The “true” biologically active region catalyzing the 
syngas fermentation only existed in packed bed of the BGAL vessel, within which the 
bacteria (residing as a biofilm) were actively metabolizing syngas.  This was confirmed by 
the fact that the suspended cell density remained close to zero during the solventogenic stage 
of the syngas fermentation (Figure 4.7). Therefore, the true ethanol productivity needed to be 
normalized based on the “effective” liquid volume within the BGAL vessel, i.e.,  
𝑟𝐴 = (
𝑑𝐶
𝑑𝑡
) ×⁡
(𝑉𝑅𝑒𝑠+𝑉𝐵𝐺𝐴𝐿)
𝑉𝐵𝐺𝐴𝐿
  (8) 
where rA is the ethanol productivity, dC/dt is the ethanol concentration change with time (i.e., 
slope of the ethanol curve in Figure 4.8), Vres is the volume of the liquid in the reservoir (4-
L), VBGAL is the volume of the liquid being held in BGAL vessel. In this work, it was found 
that the liquid volume within the BGAL packed bed region was around 118 mL. The VBGAL 
value was therefore set as 0.118 L. It should be noted that this liquid holding volume was 
higher than that observed in the mass transfer determination experiments (Figure 4.6C). The 
reason was the addition of glass wool in the packed bed to facilitate cell attachment and 
biofilm formation. Based on Equation 8, the true ethanol productivity was determined as 
304.2 and 746.5 mg·L-1·hr-1 for the 150 mL·min-1 and 40 mL·min-1 syngas flowrate, 
respectively. 
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 It should be noted that the BGAL system was operated for a relatively short period of 
time in this study. In the longer fermentation operation, cells may detach from the biofilm 
due to natural aging and the metabolically active free cells may enter the reservoir and 
contribute the ethanol production. In this scenario, Equation 8 will need to include the 
reservoir liquid volume, which will reduces the ethanol productivity. To prevent the cell 
detachment in the packed bed, a continuous operation of the BGAL system is preferred to 
maintain the cells healthy and prevent aging. This continuous BGAL syngas fermentation is 
an area of further study.   
It has been reported that ethanol productivities of 140 mg·L-1·hr-1 and 15 mg·L-1·hr-1  
were achieved in HFM reactor 11 and stir tank reactor 27, respectively in syngas fermentation 
of C. carboxidivorans P7. The type of syngas fermenting organism can also play an 
important role in the ethanol production level achieved. For example,  C. ljungdahlii19 has 
reached an ethanol productivity of 100 mg·L-1·hr-1 within a cell recycle fermentation system 
33. A two stage (CSTR and bubble column) continuously fed system with C. ljungdahlii 
PETC achieved 301 mg·L-1·hr-1 of ethanol production with a 5.5:1 ethanol to acetate molar 
ratio 34. Compared to those ethanol production levels in previous reports, the BGAL reactor 
could achieve much higher ethanol productivities due to the enhanced mass transfer. In 
addition, the immobilization of the biocatalyst in the packed bed provided several advantages 
that can be explored in future optimization such as (1) decreasing the liquid (culture medium) 
volume to a level sufficient to maintain the biofilm metabolism and (2) resistance to the 
adverse environmental condition such as oxygen stress 35–38.  
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4.4. Conclusion 
This work demonstrated that the atomized liquid based BGAL reactor is an efficient 
system for enhancing mass transfer in the syngas fermentation process.  Using oxygen as the 
model gas, a mass transfer coefficient (KLa) of 2.28 sec
-1 was achieved, much higher than 
with the conventional stir tank reactor. For each unit of oxygen mass transferred, the energy 
consumption of the BGAL reactor was overall less than that of the stir tank reactor as STR 
agitation was increased (except 200 rpm). By immobilizing the syngas fermenting culture 
below the liquid dispersing nozzle, the biofilm was able to immediately utilize dissolved 
syngas substrates from the liquid as it flows through the packed bed within a smaller volume.  
The ethanol productivity of the BGAL vessel with a packed bed reached 746.5 mg·L-1·hr-1 
with an ethanol to acetic acid ratio of 7.6, both of which are much higher than those reported 
in other syngas fermentation systems. Such a high mass transfer efficiency and high ethanol 
productivity, and the advantages of a biofilm-based system render the BGAL system a 
promising configuration for efficient syngas fermentation that deserves further investigation.  
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CHAPTER 5. OPERATION OF A SEMI CONTINUOUS AND CONTINUOUS 
BULK GAS TO ATOMIZED LIQUID (BGAL) REACTOR 
 
Ashik Sathish and Zhiyou Wen 
 
Abstract 
 A novel syngas bioreactor design was evaluated for its ability to support syngas 
fermentation to generate products, specifically ethanol. This biofilm-based system utilized a 
two-vessel system a stir tank reactor and a biofilm vessel, where a packed bed provided 
support for the establishment of a microbial biofilm for syngas fermentation. Liquid medium 
was dispersed over the packed bed using a full cone nozzle through a headspace of syngas to 
provide greater gas to liquid mass transfer. Objectives of this study was to evaluate the 
establishment of a biofilm within the reactor, operation in semi-continuous mode with 
complete media withdrawal to test if the established biofilm can be used for multiple 
fermentation runs, and evaluation of the system in continuous fermentation mode. Results 
demonstrated that a microbial biofilm was established and was cycled through two complete 
media withdrawals. A maximum ethanol concentration of 3.93 g/L and a maximum 
concentration of 3.72 g/L of acetic acid was achieved in this system. During continuous 
operation stable conditions were achieved with an ethanol to acetic acid ratio of 10.5 
maintained in the reactor effluent indicating conditions favorable for organic acid reduction 
to alcohols. Overall ethanol productivity was measured as 31.7 mg/L/hr, but an effective 
productivity based on the volume of liquid within the immobilized biocatalyst portion of the 
reactor is 194 mg/L/hr. This system provides information for the development of a biofilm-
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based syngas fermentation bioreactor that can be operated as both a continuous and semi-
continuous system and can be utilized to develop a more streamlined and effective syngas 
fermentation platform.  
5.1. Introduction 
 Lignocellulosic biomass is considered a prime feedstock for conversion to renewable 
fuels and chemicals. It is abundant in nature and is generated as a byproduct of agricultural 
operations, such as the material generated after harvesting of corn known as corn stover for 
example 1,2. The carbon rich lignocellulosic material is composed of cellulose, hemicellulose, 
and lignin. Biochemical approaches to converting lignocellulosic biomass to biofuels focuses 
on the degradation and depolymerization of the biomass into fermentable sugars that are 
biologically converted, through bacterial or yeast metabolism, to fuel or chemical products. 
However, this is an energy intensive and costly process and only the hemicellulose and 
cellulose fractions of the biomass yield fermentable sugars, while the carbon contained in 
lignin must be utilized separately 3,4.  
 However, another pathway to is to thermochemically convert the lignocellulosic 
biomass into synthesis gas or syngas, through gasification. Gasification subjects the 
lignocellulosic biomass or any organic material to temperatures up between 500-1400oC and 
pressure up to 33 bar within a limited oxygen environment 5. This leads to the decomposition 
of the organic material into a gas, known as syngas, composed mainly of CO, H2, and CO2 
with some additional hydrocarbons as well 6.  
 This mixture of gases can be directly combusted, if the composition allows for it, 
upgraded to liquid hydrocarbons using Fisher-Tropsch catalysts, or fermented using 
acetogenic bacteria capable of metabolizing components of syngas 7. Syngas fermentation is 
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considered an appealing option due to the relatively low temperature bacterial cultures 
require (37oC), they are more robust against syngas impurities compared to inorganic 
catalysts, can grow on a wide variety of syngas compositions, and they are consistent with 
the product being produced 8.  
 Although syngas fermentation has several advantages there are several challenges 
associated with this pathway including the issue of low gas to liquid mass transfer, which 
leads to low biomass and biofuel productivity. Gas to liquid mass transfer depends heavily on 
bioreactor design and its ability to transfer CO and H2 specifically from the gas phase to the 
liquid phase, where the microbes can utilize the syngas 9. Traditional stir tank reactors (STR), 
are commonly used, but improvements in mass transfer rates require a large input of energy. 
This is a cubic relationship between mass transfer rates and power consumption. Therefore, 
as syngas fermentations are scaled up, energy demands for agitation to drive mass transfer 
becomes detrimental to its commercial feasibility 10.  
 In this study, a novel bioreactor concept was utilized. Rather than the traditional 
model of a bioreactor with a bulk liquid phase and mobile or discrete gas phase (bubbles in 
bulk liquid), liquid was dispersed in a headspace of syngas to drive gas to liquid mass 
transfer. The liquid is also dispersed above a packed bed where microbes can establish a 
stationary biofilm and catalyze the conversion of syngas to products such as ethanol and 
acetic acid. Objectives in this study were to: (1) establish a biofilm reactor within the reactor, 
(2) operate the system with complete media withdrawal and replacement to determine if the 
established biofilm can be “reused” which would negate the need to use carbon to establish 
biomass with each cycle, and (3) operate in a continuous culture mode and evaluate 
performance.  
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5.2. Materials and Methods 
Strain, medium, and seed cultures 
 C. carboxidivorans P7 (ATCC-BAA624) was used in this study and media and seed 
culture preparation has been previously described 11. A short description is provided: 1 mL of 
a frozen glycerol stock was inoculated into 10 mL of glucose enriched medium and incubated 
for 24 – 30 hours, this was followed by inoculation into a 125 mL serum bottles with 50 mL 
and incubated for 12 hours with a CO headspace at 5 psi without glucose.  
Experimental Apparatus 
 This study utilized a unique bioreactor design, which utilized two vessels: (1) one 
traditional stir tank reactor and (2) a biofilm vessel that houses the bacterial biofilm. Figure 
5.1 describes the experimental apparatus. The stir tank bioreactor is a 250 mL Applikon mini 
bioreactor fitted with a pH probe and temperature control. The biofilm vessel is glass bottle 
(1 L Pyrex) partially packed with glass wool and polypropylene packing material to provide a 
support for establishing a bacterial biofilm. This vessel is fitted with a conical spray nozzle 
that distributes liquid over the packed bed. A jacket circulating heated liquid (40oC) provides 
heat to the biofilm vessel to maintain growth temperatures. Liquid is recirculated between the 
two vessels using a combination of a gear pump (to nozzle) and peristaltic pump (return to 
stir tank reactor) as shown in the Figure 5.1. 
 Preparation of the system for syngas fermentation is briefly described. The Applikon 
mini bioreactor is sterilized using standard procedures and purged with argon prior to media 
addition to create anaerobic conditions. The biofilm vessel containing glass wool and 
polypropylene packing material is autoclaved empty and purged with argon to remove 
residual oxygen overnight. The gear pump is sterilized by recycling a 70% v/v ethanol 
126 
 
solution through the pump head for approximately 1 hour, dried in an oven, followed by 
purging with argon gas. All gases utilized in this study were passed through a Altech Big 
Oxygen trap to reduce oxygen concentrations.  
 
Figure 5.1. Illustration of experimental apparatus for the biofilm-based reactor design. (1) is 
the biofilm containing vessel, (2) is the conical spray nozzle used to distribute growth 
medium over the packed bed region, (3) the packed bed region consisting of glass wool and 
plastic packing material, and (4) the Applikon mini bioreactor. 
Culture Growth in Stir Tank Reactor 
 The 50 mL culture grown in glucose free medium was used to inoculate a 250 mL 
Applikon mini bioreactor system with 225 mL of fresh medium. Preparation of the mini 
bioreactor involved preparation and sterilization of the medium and the bioreactor and 
purging with argon to obtain anaerobic conditions. Medium was then transferred to the 
bioreactor and the temperature set to 37oC and pH of 6. Medium in the reactor contained 4 
g/L glucose and 1 g/L of yeast extract as the carbon sources. Initially the pH of the culture 
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was maintained at 6.0 using 1 M sodium hydroxide. These conditions were maintained for 
approximately 24 hours.  
Biofilm Growth Phase with Medium Recirculation 
 The next phase of the culture involved the use of a biofilm reactor vessel, which 
housed glass wool and polypropylene packing material and acted as the support for 
establishment of a bacterial biofilm. After 24 hours of growth in the mini bioreactor system, 
glucose is exhausted, based on an upward shift in the pH and previous data and therefore pH 
control was stopped 11. The pumps were then turned on and set to a flowrate of 500 mL/min 
to and from the biofilm vessel. Syngas flow (50 mL/min with a composition of 50% CO, 
37.5% CO2, and 12.5% H2) was also initiated. To isolate syngas metabolism within the 
biofilm vessel, syngas flow was restricted to the biofilm vessel and argon was purged 
through the headspace of the mini bioreactor vessel. The total volume of the culture was 
adjusted to 300 mL of medium to account for volume held within the tubing transferring 
medium through the pumps as well as liquid retained in the biofilm vessel.  
Semi Continuous Operation of Experimental Apparatus 
 After the start of the recirculation pumps, the culture was allowed approximately 7 
days to establish a biofilm. Once this was accomplished the liquid in the medium was 
pumped out completely and replenished with 300 mL of fresh medium (without any glucose 
and 0.5 g/L of yeast extract). No other alterations were made to the media or system and the 
pumps and syngas were operated as previously described. This was repeated twice during the 
course of the experiment.  
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Continuous Operation of Experimental Apparatus 
 After the two media changes, the system was operated in a continuous fashion with 
the same conditions, but with a dilution rate of 0.2 day-1, which corresponds to a continuous 
removal and addition of 60 mL of fresh medium per day. Performance of the reactor was 
monitored over approximately 5 days of continuous operation.  
Analytical methods 
 Samples were taken from the stir tank reactor periodically to measure various 
parameters to evaluate the performance of the culture. Initially optical densities of the liquid 
medium were taken to ensure establishment of the biofilm within the packing material in the 
biofilm vessel. This was done via a Thermo Fisher Scientific Spectronic 20 Gensys 
spectrophotometer at 660 nm.  
 Metabolites (acetate, ethanol, butyrate, and butanol) were analyzed by GC-FID with a 
split/splitless injector. Separation of the compounds was performed on a 60 m x 0.25 mm ID 
x 0.25 micron Phenomenex Zebron-1701 column with a 5 m Zebron Z-guard column. The 
inlet temperature was held at 250oC with a 1:20 split ratio. The oven temperature was 
programmed as 30oC for 16 min and increased to 75oC at 20oC/min and held for 5 min after 
which another ramp to 250oC at 30oC/min. The final temperature was held for 1 minute. The 
column flowrate was pressure dependent and followed a program of 10 psi for 16 minutes 
and increased to 20 psi at 5 psi/min for 12 minutes. The FID temperature was maintained at 
280oC and the injection volume was 0.5 μL. Helium was used as the carrier gas for this 
analysis.  
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5.3. Results and Discussion 
Biofilm Establishment 
 The initial stages of this study focused on growing the culture within the stir tank 
bioreactor followed by initiation of the recirculation of the medium from the stir tank to the 
biofilm vessel and back. As the culture was pumped from the stir tank reactor to the biofilm 
vessel the liquid was dispersed through the nozzle above the packed bed, providing an 
opportunity for the suspended cells to attach to the packing material as the medium trickled 
through the packed bed. Liquid was immediately pumped out of the reactor by a separate 
pump back to the stir tank reactor after the media reached the bottom of the packed bed. This 
trickling action provided an opportunity for the microbes to attach to the packed bed and 
establish a biofilm.   
 Based on the results, prior to starting the recirculation the culture utilized glucose to 
reach an optical density (OD 660 nm) of 1.26 within 24 hours. Once the recirculation and 
syngas flow was initiated, the culture was monitored and after 3.9 days the OD of the 
medium had reached 0.07. Essentially, the culture had completely switched from suspended 
form to a biofilm-based culture. The glass wool and plastic packing material provided 
sufficient and effective substrate for the microbes to attach onto. Figure 5.2 illustrates the 
attachment of bacteria to the substrate within the biofilm vessel. The culture maintained 
approximately this level of attachment throughout the experiment.   
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Figure 5.2. Attachment of culture to biofilm substrate over time. 
 
Impact of Media Replacement 
 Once the biofilm was established, one of the objectives of this study was to evaluate 
the ability of the reactor to be drained and recharged with fresh medium and utilize the 
biofilm culture that was already established within the system. This would allow for better 
carbon utilization in the syngas. During startup of syngas fermentation, a portion of the 
carbon contained in syngas is used for the culture to generate biomass and grow cells. By 
utilizing a previously established biofilm, the necessity to consume carbon for biomass 
growth is not needed. To evaluate this concept, twice during this study the entire volume of 
the bioreactor system (stir tank reactor and biofilm vessel) was drained and replaced with a 
fresh batch of 300 mL of medium containing 0.5 g/L of yeast extract.  
 Because this bioreactor design has not been evaluated in a semi-continuous fashion 
and its unique design, the main point of evaluation was to determine the impact on the 
production of metabolites in the culture, specifically ethanol. Figure 5.3 illustrates the pH 
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trend during the course of the run while Figure 5.4 illustrates the production of ethanol, 
butanol, acetic acid, and butyric acid in the culture for the entire duration of the experiment.  
 
Figure 5.3. Culture pH over time with the glucose growth phase followed by the biofilm 
establishment period labeled along with the two times complete medium withdrawal 
occurred. The final phase is the continuous operation of the bioreactor system. 
 
 The pH curve provides information regarding regime of metabolism that the culture 
was operating within. Typically, pH reduction signifies acidogenic metabolism while 
increasing pH is associated with a solventogenesis. An interesting observation was the 
intermittent switches of the culture between acidogenic and solventogenic metabolism. For 
example, between day 5 and 10 on two occasions, the pH sharply changed direction, most 
likely triggered by environmental conditions. The change between solventogenesis and 
acidogenesis is not well understood and requires further investigation as to the specific 
triggers and environmental, metabolic, and genetic conditions that results in this switch 12.  
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Figure 5.4. Metabolite production over time with five stages labeled: (1) glucose, (2) biofilm 
establishment/batch, (3) semi-continuous phase 1, (4) semi-continuous phase 2, (5) 
continuous. Square data points represent values prior to the continuous phase while circle 
data points are part of stage 5. 
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 Ethanol production in this experiment reached maximum values of up to 3.92 g/L 
while acetic acid concentration reached maximum values of up to 3.72 g/L. These values are 
relatively high when compared to studies that utilize traditional stir tank reactors to ferment 
syngas into products using similar media compositions with yeast extract 13,14. The 
production of ethanol during the biofilm establishment stage of growth was typical of syngas 
fermentation runs, where acetic acid initially produced during the acetogenic stage of 
fermentation was converted to ethanol. This is indicated by the drop in acetic acid 
concentration from day 3.7 to approximately day 10 as ethanol concentration increase during 
that time. During that period of time ethanol production averaged 15.21 mg/L/hr, which is 
typical for syngas fermentation using a stir tank reactor 14.  
 However, immediately after medium replacement the average ethanol production 
rates were 34 mg/L/hr (from day 11.2 to 14.4 and corresponding ethanol concentrations of 
0.952 and 3.58 g/L) and 28.4 mg/L/hr (from day 21.5 to 25.9 and corresponding ethanol 
concentrations of 0.894 and 3.93 g/L). This provides several insights: (1) during medium 
replacement the biofilm culture is active allowing for recycling or reuse of the culture, (2) 
there is essentially no lag in production of ethanol during medium replacement, the culture 
continues to produce ethanol without a significant delay, and (3) time required to reach 
maximum ethanol concentrations between cycles is on the order a few days, which is shorter 
than runs that require greater than one week to achieve such ethanol concentrations using stir 
tank reactors due to a lag phase at the start of cultures 13,14. For example in a continuous gas 
fed bioreactor, it required 300 hours to reach an ethanol concentration of about 
approximately 3 g/L using Clostridium autoethanogenum DSM 10061 15.  
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 An additional observation made during the semi-continuous operation stages is the 
accumulation of butanol when the medium contained a larger concentration of ethanol. 
Between day 10 and 20 ethanol concentrations reached a maximum concentration within that 
stage and the butanol concentration also mimicked this trend by increasing in concentration 
as ethanol concentrations increased. This may be an effect of higher ethanol concentrations 
driving metabolism towards production of higher carbon compounds, which has been 
previously studied 16.  
Performance during continuous fermentation 
 During continuous operation the bioreactor system was operated with a medium 
dilution rate of 0.2 day-1, which provided the system fresh medium. All other system 
conditions were maintained at the same conditions as the previous stages. One of the 
advantages of operating a biofilm-based reactor system in continuous mode is that there is no 
washout that can occur of cells 17. Since the biofilm is established and immobilized, using a 
dilution rate greater than the growth rate of the culture will not result in cell wash out, which 
is a concern in suspended cultures.  
 Ethanol production during this stage of the study remained consistent, as evidenced 
by the near constant concentration of ethanol within the medium. Results showed that ethanol 
production averaged 31.7 ± 0.91 mg/L/hr over the course of 5.2 days (day 25.9 to 31.13). 
This is consistent with results from the previous stages (stages 3 and 4 in Figure 5.4), but still 
higher than in the biofilm establishment (Figure 5.4 stage 2).   
 When considering this reactor system and its production rate, it should be noted that 
although the total volume of liquid within the system in 0.3 L, the biologically active region 
of the reactor is contained within the biofilm vessel, and more specifically within the biofilm 
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itself. At any one time, the volume of liquid within the biofilm vessel was at a maximum 50 
mL to maintain a volume of 250 mL of medium within the Applikon mini bioreactor. 
Therefore, the production of ethanol is assumed to be occurring within the 50 mL of liquid 
contained in the biofilm region of the reactor. At a liquid flow rate of 500 mL/min, this 
results in a retention time of 0.1 min, which represents the amount of time that the liquid 
spends within the biofilm. Based on this information the effective production rate of ethanol 
within the immobilized culture is 194 mg/L/hr. Conceptually this is similar to a packed bed 
reactor with fixed catalyst where a reacting volume spends a fixed amount of time within the 
reactor.  
 At the beginning of stage 5 of the study, butanol concentration reached up to 1 g/L, 
near the time of maximum ethanol production. This also supports the previous observation of 
higher ethanol concentrations leading to a shift in alcohol production towards butanol. In 
terms of outlet concentrations of metabolites from the bioreactor, Figure 5.5 illustrates 
concentrations of four metabolites in the outlet media. Over the course of the continuous 
stage of fermentation, concentrations of each metabolite remained consistent indicating 
stable conditions during continuous fermentation operation.  
 Ethanol as expected was the largest component and a consistent ethanol to acetate 
molar ratio of 10.5 was maintained, which indicates a strong preference by the culture to 
covert organic acids to solvents. This also indicates the culture has sufficient reducing power 
to reduce the acids to alcohols, which requires effective gas to liquid mass transfer of 
reducing equivalent compounds CO and H2. Without effective mass transfer, the ability of 
the culture to convert organic acids to alcohols is inhibited or reduced 11. 
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Figure 5.5. Concentrations of metabolites collected in the bioreactor outlet from stage 5 of 
the experiment. 
  
 Syngas fermentation systems are limited in terms of biofilm based reactors, but have 
been receiving increased attention as the use of hollow fiber membrane reactors and trickle 
bed reactors have been considered means of achieving greater gas to liquid mass transfer 18. 
Although trickle bed reactors have been used in biofilm applications, no studies have 
explicitly utilized a trickle bed reactor as a biofilm based system, although hydrogen 
efficiency has been reported to increase when a biofilm is established in a trickle bed reactor 
19. Hollow fiber membrane reactors are biofilm based and have resulted in high rates and 
concentrations of ethanol production 20,21.  
 Productivity of ethanol in various reactors have been summarized by Devarapalli et 
al., where their trickle bed reactor achieved a productivity of 158 mg/L/hr 19, a hollow fiber 
membrane reactor reached 140 mg/L/hr 20, and a stir tank reactor system achieved a 
productivity of 110 mg/L/hr 22. The productivity in this study reached an average of 31.7 
mg/L/hr, however, this is not a true representation of the rate of ethanol production occurring 
within the system. As previously discussed, the metabolic activity is confined to the biofilm 
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region of the bioreactor, which on a liquid basis accounts for 16.7% of the total reactor 
volume. When considering this the rate of ethanol production is up to 194 mg/L/hr.  
 This result however provides an avenue to further development of this bioreactor 
design to take advantage of the high rates of ethanol production within the biofilm region by 
removing the need for a two-vessel design and other potential options. Because of the unique 
nature of this reactor design, the volume of media required can be drastically reduced since 
the culture is no longer suspended, sufficient gas to liquid mass transfer rates are achieved to 
produce organic compounds from syngas with a high preference for alcohols over organic 
acids, and once a biofilm is established the culture can be continuously utilized either in a 
semi-continuous or continuous fashion. These results can aid the development of a more 
streamlined and effective syngas fermentation platform and process.  
5.4. Conclusions 
 This study was performed with the objectives of evaluating a novel biofilm based 
bioreactor design for its ability to support syngas fermentation, establish a biofilm that can be 
utilized in both semi-continuous with complete medium replacement and continuous fashion, 
and evaluate performance in terms of the production of organic acids and alcohols, 
specifically ethanol. Results demonstrated that this reactor design is capable of supporting 
syngas fermentation and the formation of a biofilm creating an immobilized biocatalyst 
region within the bioreactor. During operation complete media withdrawal and replacement 
was possible without significant lag or drop in ethanol production, which can be utilized for 
scaling up this process and better carbon utilization efficiency by recycling the established 
biofilm between runs. Ethanol concentrations reached 3.92 g/L and acetic acid concentrations 
of 3.72 g/L were measured. During continuous operation a consistent ethanol to acetic acid 
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molar ratio of 10.5 was achieved in the effluent of the reactor, indicating conditions were 
favorable for reducing organic acids to alcohols with an ethanol concentration of 3.7 g/L. 
Ethanol productivity was 31.7 mg/L/hr within the reactor, but an effective productivity value 
of 194 mg/L/hr was achieved within the biofilm portion of the bioreactor. These results 
provide an approach to develop a novel syngas bioreactor platform and process than can help 
achieve more effective production of biofuels from biomass derived syngas.  
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CHAPTER 6. EVALUATION OF BIOFILM RESISTANCE TO 
CONTAMINANTS AND INHIBITORS IN SYNGAS 
 
Ashik Sathish, Jiahui Xie, and Zhiyou Wen 
 
Abstract 
 Syngas generated from the gasification of biomass feedstocks contains essential 
gaseous substrates used for syngas fermentation (CO, CO2, and H2). However, production of 
biomass-based syngas also results in the production of particulates and other gases such as 
nitrous oxides, hydrogen cyanide, sulfur oxides, and other hydrocarbon compounds. These 
compounds can be inhibitory to organisms fermenting syngas to products. It is also well 
known that bacterial biofilms are very resilient when faced with environmental or chemical 
stresses. This study focused on evaluating the ability of Clostridium carboxidivorans P7 to 
form a biofilm and metabolize syngas with and without the presence of various contaminants 
or inhibitory compounds. Results demonstrated that biofilm-based cultures were successfully 
grown in serum bottles and that higher performance can be achieved in these cultures using a 
glass fiber support. Salt addition in the form of ammonium sulfate and magnesium sulfate 
induced strong attachment of the cells as a biofilm. Also, in the presence of NH4
+ the 
biofilm-based culture outperformed the suspended culture by a wider margin than the control 
or for other contaminant cases. This shows that the biofilm culture was resistant to the higher 
NH4
+ concentration or ethanol production by the biofilm was enhanced by NH4
+.  
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6.1. Introduction 
 Gasification of organic material such as lignocellulosic biomass produces a mixture 
of gases known as syngas. Syngas is primarily composed of carbon dioxide, carbon 
monoxide, and hydrogen gas 1. However, in addition to these compounds, syngas also can 
contain contaminant compounds and particles. These include nitrous and sulfur oxides, 
hydrogen cyanide, hydrogen sulfide, light hydrocarbons, heavier hydrocarbons known as 
tars, and a mixture of other compounds as well. Particulate material is also generated and is 
considered a contaminant material 2,3.  
 Syngas can be utilized through multiple pathways, but two are commonly used for the 
production of liquid fuels: (1) Fisher-Tropsch process and (2) biological fermentation. 
Fisher-Tropsch processes utilize inorganic catalysts to chemically convert components of 
syngas into a mixture of liquid hydrocarbons, which can be refined and used as a liquid fuel 
4. Biological fermentation of syngas results in the conversion of CO2, H2, and CO to 
primarily alcohols and other organic compounds by microbial action 5. However, both of 
these processes can be poisoned or inhibited by the presence of contaminant compounds 4.  
 Biological processes are much more robust in the presence of these contaminants than 
Fisher-Tropsch catalysts, which makes the biological pathway more advantageous. Certain 
compounds present in syngas can cause metabolic inhibitions leading to lower fermentation 
efficiencies and potential death of the culture 3,5. Table 6.1 provides a summary of several 
compounds present in syngas that causes metabolic inhibition in syngas fermenting 
organisms. 
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Table 6.1. Examples of contaminants in syngas and their biological impact. Adapted from 3. 
Inhibitors  Name of Enzymes Affected Amount 
NH3 Alcohol dehydrogenase 
(ADH), Amidase 
NH3 inhibition at very high 
concentrations for ADH 
NO Hydrogenase, Alcohol 
Dehydrogenase (ADH) 
For hydrogenase: 100% 
inhibition at 0.015 mol% and 
negligible effect at 0.004 
mol%  
NO2 Formate dehydrogenase 
(FDH), Nitrate reductase 
1 mol/m3 results in 5% 
inhibition of FDH and 20% 
inhibition in Nitrate reductase 
H2S Thiosulfate sulfurtransferase, 
L-ascorbate oxidase 
Inhibition effects at above 30 
mol/m3 for thiosulfate 
sulfurtransferase and 1 
mol/m3 for 97% inhibition 
for L-ascorbate oxidase 
COS Carbon monoxide 
dehydrogenase (CODH) 
Rapid-equilibrium inhibitor 
largely competitive versus 
CO 
SO2 Ascorbic acid oxidase (AAO)  
 
 In addition to the compounds listed in Table 6.1, additional chemicals such as various 
hydrocarbons or tar compounds also inhibit cell growth 6. Avoiding inhibition by these 
compounds requires extensive scrubbing and cleaning of the syngas to remove these 
compounds and particulates. Such procedures add costs to the process and raise the price of 
the generated product 5.  
 A trend in syngas fermentation has been the development of biofilm-based bioreactor 
systems. The development of these reactors has been motivated by their improved gas to 
liquid mass transfer rates, a considerable hurdle in scaling up syngas fermentation 7. An 
added potential in this technology is the inherent robustness that bacterial biofilms display 
when faced with stressors. It has been shown in multiple studies and fields that bacterial 
biofilms are capable of resisting antibiotics, oxidative stresses (anaerobic biofilms), and other 
environmental stresses 8,9. Because syngas generated from biomass typically contains some 
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impurities and inhibitory compounds, having a biofilm-based reactor system may be 
beneficial in terms of toxic compound tolerance and reduced syngas cleaning requirements.  
 This study focused on evaluating the impact of inhibitory compounds on Clostridium 
carboxidivorans P7 cells cultured separately in suspended and in biofilm form under a 
syngas atmosphere. Cultures included a control with no contaminants, with tar compounds 
(benzene, ethylbenzene, toluene, and p-xylene), ammonium sulfate, and magnesium sulfate. 
The addition of tar compounds was based on the results of tar analysis presented by Ahmed 
et al 6. Ammonium and magnesium sulfate concentrations were added based on experimental 
results from Xu et al. 3,10. Objectives in this study were to the impact of contaminants on cell 
growth and metabolite production over time.  
6.2. Materials and Methods 
6.2.1. Strain, medium, and seed cultures 
 For this study C. carboxidivorans P7 (ATCC-BAA624) was used and media and seed 
culture preparation has been previously described 11. Briefly, 1 mL glycerol stocks were 
inoculated into 10 mL of glucose enriched medium and incubated for 24 – 30 hours, followed 
by inoculation into separate serum bottles with 50 mL of medium with no glucose 
enrichment and incubated for approximately 12 hours. The 50 mL cultures were then used to 
inoculate experimental units at a rate of 10 v/v%. In all seed cultures the headspace was 
pressurized with argon gas.  
6.2.2. Culturing suspended versus biofilm serum bottles 
 Cultures of suspended C. carboxidivorans P7 were grown in serum bottles with 50 
mL of media and incubated at 37oC and shaken at 100 RPM. However, to cultures that were 
biofilm based were incubated in a 125 mL serum bottle with an approximately 3 x 6.75 in 
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glass fiber sheet lined along the bottom inside circumference of the serum bottle (Pall 
Laboratory, Binder-free glass fiber filters). This provided the substrate for attachment of the 
bacterial culture as a biofilm.  
 In experimental cases with no biofilm, the medium was autoclaved within the serum 
bottle to be inoculated. However, with the glass fiber substrate, serum bottles with no 
medium were autoclaved, followed by addition of sterile media to the serum bottle. These 
serum bottles were collected and inoculated appropriately at the start of each experiment. 
Syngas with a composition of 50% CO, 37.5% CO2, and 12.5% H2 was used to pressurize the 
headspace to 10 psi of pressure. The headspace was flushed with pure syngas and re-
pressurized every 48 hours.  
6.2.3. Addition of syngas impurities 
 Tar compound addition was performed based on experimental procedure of Ahmed et 
al. 6. In that study the syngas generated from a biomass gasifier was scrubbed using an 
acetone scrubber. Ahmed et al. directly added the resulting acetone directly to cultures of C. 
carboxidivorans P7 to determine the impact of the tar compounds on suspended cells. GCMS 
analysis of the acetone contained in the scrubber determined the presence of benzene (327 
mg/L), toluene (117 mg/L), ethylbenzene (131 mg/L), and p-xylene (92 mg/L) and other 
compounds to a lesser extent. Therefore, to simulate this, a stock solution of these 
compounds was dissolved into acetone at the same concentrations. This acetone solution was 
then added to serum bottles via a 0.2-micron filter to match the final concentration that 
Ahmed et al. used in their fermentation studies 6.  
 The addition of ammonium sulfate to determine the effect of NH4
+ was based on the 
results obtained by Xu et al., who found that the addition greater than 150 mol/m3 NH4OH 
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resulted in significant growth inhibition 3. In this study, (NH4)2SO4 was used rather than 
NH4OH. Ammonium sulfate was added to cultures to reach a final ammonium sulfate 
concentration of 125 mM ammonium sulfate. The medium contains an additional 60 mM of 
NH4
+ in the form of ammonium chloride as part of the medium composition. Therefore, the 
final NH4
+ concentration in the medium is 310 mM.   
 In addition to studies using ammonium sulfate, magnesium sulfate was utilized as a 
secondary control to compare the impact of NH4
+ and Mg2+, due to the known impact of 
NH4
+ on alcohol dehydrogenase and hydrogenase enzymes. Magnesium sulfate was added to 
separate serum bottles to match the SO4
2- addition from the ammonium sulfate batch. Based 
on this a magnesium sulfate solution was added to the medium to a final concentration of 
approximately 125 mM (the medium contains a baseline of 2.4 mM MgSO4 · 7H2O).  
6.2.4. Sample analysis 
 Approximately every 24 hours the serum bottles were samples to measure cell density 
as well as take 1 mL of liquid to measure metabolite concentrations in the liquid phase. Cell 
density was measured using a spectrophotometer at 660 nm. Metabolite analysis was 
performed by GC-FID similar to previous methods 11.  
6.3. Results and Discussion 
 Results from this experiment illustrate that cell growth was significantly impacted by 
the addition of some of the contaminant compounds. Figure 6.1A illustrates the impact of 
contaminant addition to the serum bottles with a suspended culture. The addition of 
ammonium sulfate as well as magnesium sulfate significantly affected the growth of the 
culture compared to the control. However, growth did recover after 5 days, but the final 
density was nearly one half of the control value after approximately 8 days.  
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Figure 6.1. Growth of cultures with or without the addition of contaminant compounds. 
Starting growth normalized to a starting point of zero OD. Error bars represent one standard 
deviation of triplicates. 
 
 
When comparing the growth of cultures with tar compounds added, the culture growth was 
not impacted and was nearly identical to the control culture and reached an equal density 
after approximately eight days.  
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 For biofilm-based cultures (Figure 6.1 B), the main result is the establishment of a 
biofilm on the glass fiber substrate. The density of the control cultures (suspended vs. 
biofilm) were significantly different, which indicates a strong preference for forming a 
biofilm. This trend was true for each condition tested. When tars were added, the growth 
pattern and extent of attachment was nearly identical to the biofilm control condition. This 
was similar to the suspended control culture as well. However, when addition of salts was 
evaluated (ammonium sulfate and magnesium sulfate), the cell density in the medium 
decreased drastically, dropping below the starting density. This may be a result of stress 
induced by the higher salt concentration in the medium. Sodium chloride has been shown to 
induce stress response and trigger biofilm formation in Clostridium ljungdahlii 8.  
 Previous research showed that the addition of tar resulted in a significant delay or lag 
in the growth of cultures and a redistribution of products, with an increase in the formation of 
ethanol compared to control cultures 6. This lag in growth was not observed in this study and 
could be due to several factors. The previous study used contaminants generated from the 
gasification of actual biomass, which generates variety of hydrocarbons and other acetone 
soluble compounds. Although Ahmed et al. detected an relatively large concentration of 
benzene, ethylbenzene, p-xylene, and toluene as tar compounds found in the acetone 
scrubber, it does not necessarily mean that these compounds were responsible for the changes 
observed 6. It is possible that another compound or combination of compounds at much lower 
concentrations caused the growth inhibition observed by Ahmed et al. 6.  
 The inhibition of growth by magnesium sulfate and ammonium sulfate was clear and 
led to a significant lag in the time required to reach the growth phase. Ammonium sulfate 
was used to introduce ammonium ions, which is known to inhibit syngas fermentation 10.  
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Magnesium sulfate was used as a secondary control to evaluate the impact of a known 
inhibitory compound in NH4
+ to Mg2+, which is a typical media component. Significant 
growth inhibition was measured, but it is possible that this is due to the change in the 
osmolarity from additional salt concentration, a phenomenon observed previously 3.  
 Production of acetic acid and ethanol was also monitored to determine impacts to 
product distribution when adding these compounds to the medium. Figure 6.2 presents the 
time course accumulation of these metabolites within the culture for each experimental 
condition. A clear trend from this data is the increase in ethanol concentration for all the 
biofilm-based cultures when compared to the suspended cultures, which can be seen in the 
data illustrated in Figure 6.2 and Figure 6.3 (B). This trend is repeated regardless of media 
alterations (for all conditions tested).  
 This observation is an indication of better performance of the biofilm cultures in 
terms of ethanol production. One reason this is possible is due to better growth performance 
in the biofilm versus the suspended cultures. Unfortunately, quantification of biofilm growth 
on a glass fiber substrate is difficult and was not performed. Another possibility is the effect 
of a small section of the glass fiber substrate being exposed to the syngas headspace in the 
bottle. When the serum bottle is filled with medium, the glass fiber is taller than the height of 
the liquid. However, during incubation with shaking, the glass fiber section above the liquid 
is covered by liquid intermittently. Because of this action, the section of glass fiber is 
exposed to the headspace of the bottle and syngas mass transfer rates may be slightly higher 
as the gas only travels through the film of liquid associated with the wet glass fiber substrate. 
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Figure 6.2. The eight figures above represent acetic acid and ethanol concentrations for each 
experimental condition. (A) units are controls with no contaminants added, (B) units have 
tars added, (C) ammonium sulfate addition, and (D) magnesium sulfate addition. The figures 
on the left are suspended cultures and biofilm cultures on the right. Error bars represent one 
standard deviation of triplicate measurements. 
 
0.0
1.0
2.0
0 2 4 6 8 10
C
o
n
ce
n
tr
at
io
n
 (
g
/L
)
Time (days)
Ethanol Acetic Acid
0.0
1.0
2.0
0 2 4 6 8 10
C
o
n
ce
n
tr
at
io
n
 (
g
/L
)
Time (days)
Ethanol Acetic Acid
A2
0.0
1.0
2.0
0 2 4 6 8 10
C
o
n
ce
n
tr
at
io
n
 (
g
/L
)
Time (days)
Ethanol Acetic Acid
B1
0.0
1.0
2.0
0 2 4 6 8 10
C
o
n
ce
n
tr
at
io
n
 (
g
/L
)
Time (days)
Ethanol Acetic Acid
B2
0.0
1.0
2.0
0 2 4 6 8 10
C
o
n
ce
n
tr
at
io
n
 (
g
/L
)
Time (days)
Ethanol Acetic Acid
C1
0.0
1.0
2.0
0 2 4 6 8 10
C
o
n
ce
n
tr
at
io
n
 (
g
/L
)
Time (days)
Ethanol Acetic Acid
C2
0.0
1.0
2.0
0 2 4 6 8 10
C
o
n
ce
n
tr
at
io
n
 (
g
/L
)
Time (days)
Ethanol Acetic Acid
D1
0.0
1.0
2.0
0 2 4 6 8 10
C
o
n
ce
n
tr
at
io
n
 (
g
/L
)
Time (days)
Ethanol Acetic Acid
D
2
A1 
Suspended Biofilm 
150 
 
 
Figure 6.3. Final acetate and ethanol concentrations in cultures: (A) acetic acid and (B) 
ethanol. Error bars represent one standard deviation of triplicate measurements. 
 
 This also provides additional support that solvent production is more sensitive to gas 
to liquid mass transfer rates 11. Higher rates of mass transfer would allow for the production 
of reducing equivalents to reduce organic acids to alcohols at higher levels, thus explaining 
the consistently higher concentrations of alcohol in the biofilm cultures. However, this 
phenomenon requires further investigation to determine if better cell growth or improved 
mass transfer to the biofilm is the cause of the observed alcohol production improvement. 
 A significant phenomenon however, is the high ethanol production for conditions 
with added ammonium sulfate. For this contaminant, ethanol production in the biofilm 
culture far exceeded any other condition, including the control and cultures with added 
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added magnesium sulfate, its performance was very similar to the control, which indicates 
that the ammonium component must have caused the enhanced alcohol production. 
Therefore, ethanol production in the biofilm culture with ammonium sulfate was provided 
some resistance to the effect of ammonium sulfate or ethanol production was stimulated by 
another unknown mechanism.  
 It is known that ammonium ions can inhibit alcohol dehydrogenase at high 
concentrations and also inhibit hydrogenase enzymes as well 3,10. In this case, the 
concentration of ammonium in the medium may not have been high enough to inhibit the 
alcohol dehydrogenase, as demonstrated by the ability of the culture to continue production 
of ethanol in both suspended and biofilm-based cultures at similar levels as the control or 
higher. Therefore, the increase in ethanol production by the biofilm culture in the presence of 
ammonium sulfate needs to be further explored at a fundamental level to better understand 
the observed enhanced production.  
6.4. Conclusion  
 The goal of this study was to determine if a biofilm-based culture would be capable 
of resisting contaminants or adverse growth conditions better than a suspended culture. Tests 
were conducted by growing cultures of C. carboxidivorans P7 as a suspended and biofilm 
culture with added contaminant compounds to evaluate the impact on growth and production 
of acetic acid and ethanol. A clear trend that developed is the increased solvent production in 
all biofilm-based cultures when compared to the suspended cultures. This could be attributed 
to increased gas to liquid mass transfer by exposure of the biofilm substrate to the substrate 
gas allowing for greater supply of gas substrate for reducing organic acids to alcohols.  
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 Data demonstrated the addition of representative tar compounds (benzene, toluene, 
ethyl benzene, and p-xylene) did not result in any inhibitory effects in growth of metabolite 
production. However, the addition of ammonium sulfate and magnesium sulfate significantly 
inhibited growth of the culture in suspended form and may be attributed to the increase in 
salinity of the medium. When considering product distribution for cultures with added 
ammonium sulfate and magnesium sulfate, the addition of ammonium sulfate significantly 
altered product distribution, especially for the biofilm-based culture. The biofilm-based 
culture exhibited enhanced ethanol production significantly greater than any other condition, 
including its suspended culture counterpart. This phenomenon requires further investigation 
to understand how this enhancement was triggered and if it is a result of resistance conferred 
to the culture through growth as a biofilm or rather a stimulant effect of ammonium sulfate 
on ethanol production.  
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CHAPTER 7. GENERAL CONCLUSIONS  
7.1. Conclusions 
 Research presented in this dissertation relate to understanding and addressing the 
hurdles associated with syngas fermentation. These topics included: (1) developing an 
understanding of carbon utilization during assimilation of syngas in C. carboxidivorans P7, 
(2) the effect of bioreactor conditions and syngas composition on carbon assimilation, and (3) 
addressing the hurdle of gas to liquid mass transfer. These topics were addressed across three 
studies presented in this dissertation.  
 A fundamental study utilizing 13C labeled glucose allowed for an in-depth analysis of 
how carbon is utilized within C. carboxidivorans P7 during syngas fermentation by reverse 
labeling methodology. With regards to carbon utilization pathways, it was determined that C. 
carboxidivorans P7 utilizes Re-Citrate synthase and assimilates CO2 through various 
pathways including the Wood-Ljungdahl pathway. Experiments to determine the impact of 
bioreactor conditions on syngas metabolism determined differences in product profiles when 
different syngas flow rates were used as well as determining rates of carbon utilization. 
Results showed that syngas was quickly incorporated into the metabolism through carbon 
assimilation pathways, but there is a lag in assimilated carbon reaching downstream 
pathways for synthesis of other cellular components.  
 In terms of alcohol production, an important result was the observation that 
solventogenesis is mass transfer limited to a further extent than acidogenesis. Because 
solvent formation is an energy intensive process, the cell requires a significant amount of 
reducing power to convert the organic acids to alcohols. Reducing power is supplied by CO 
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and H2, the two least soluble components of syngas. This fundamental information can be 
utilized as an engineering parameter in biofuel production from syngas fermentation.  
 This result warranted further investigation and motivated the second study. Based on 
the information that the solventogenic stage of fermentation is more sensitive to mass 
transfer limitations during the solvent forming stage, a study was developed to evaluate the 
impact of syngas composition and flow rates. Results indicated that by increasing the 
proportion of CO and H2 in the syngas mixture, not only was the final concentration of 
alcohols higher, but the rates of alcohol production were significantly higher as well. The 
control syngas composition resulted in a final ethanol concentration of 1.44 g/L. However, 
when the H2 content was increased to 25% in three of the syngas compositions, the resulting 
ethanol concentration as increased to between 3.41 – 4.26 g/L. In addition, the observation 
from the previous study that the acidogenic stage was more influenced by metabolic 
limitations was supported. Data showed that as the rate of acid formation proceeded at a 
similar rate regardless of syngas composition (based on pH change over time). 
 In addition to fundamental metabolic and biological studies, research in the area of 
gas to liquid mass transfer and bioreactor design were also presented in this dissertation. 
Chapter 4 presents the results of a two-stage study resulting in the development of a novel 
bacterial biofilm based BGAL reactor (Bulk Gas to Atomized Liquid). The first portion of 
the study demonstrated that this reactor system can achieve very high rates of mass transfer, 
up to 2.28 sec-1 compared to traditional stir tank reactors (0.5-0.8 sec-1).  
 The second portion of the study evaluated the performance of this novel bioreactor as 
a fermentation unit using C. carboxidivorans P7 as a proof-of-concept. Through the 
operation of this system it was demonstrated that this reactor was able to successfully 
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establish a biofilm, utilize syngas to progress through the typical biphasic metabolic profile 
(acidogenic followed by solventogenic stages), and translated the high mass transfer rates 
into observable improvement in alcohol production rates, which reached up to 0.764 g/L/hr 
ethanol. This improvement was coupled with evidence that in terms of energy consumption, 
the BGAL system can be more efficient compared to a traditional stir tank reactor. These 
results and the development of the BGAL reactor system addresses hurdles associated with 
syngas fermentation such as the gas to liquid mass transfer, product production rates, and 
energy consumption and provides a potential bioreactor platform to improve and make 
syngas fermentation more effective and efficient.   
7.2. Recommendations for Future Work  
 The field of syngas fermentation has progressed significantly in recent years. 
Development of novel reactor designs and the improved understanding of the mechanisms of 
the biological conversion of syngas to products has driven forward these improvements. A 
major trend that has emerged is the movement towards the development of biofilm-based 
reactors as several studies, including research presented in this study, have shown that these 
systems can achieve high rates of mass transfer as well as meaningful improvements in 
product concentrations.  
 Syngas fermentation research has traditionally focused on suspended cultures and 
therefore, research has not focused on the mechanisms and traits of bacterial biofilms in 
syngas fermentation. Bacterial biofilms offer advantages that have been observed in multiple 
fields including a considerable resistance to stress and inhibitory compounds, which can be 
beneficial for syngas fermentation due to the presence of inhibitory compounds in syngas. In 
addition, biofilms utilize carbon and nutrients differently than suspended cultures, which 
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would be a rich area for fundamental research. At a bioreactor and bioengineering level, the 
optimization of biofilm formation and gas to liquid mass transfer improvements can be 
achieved with further design alterations to the BGAL reactor by determining effective 
materials to utilize as a biofilm structural substrate and the optimization of liquid 
recirculation and droplet size.  
 These areas would all complement the current trends in syngas fermentation, which is 
moving towards the use of biofilm-based bioreactors, which requires both fundamental 
microbiological and biochemical research as well as engineering concepts.  
  
 
 
 
 
 
 
 
 
 
 
 
